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MECHANICS  OE  CUTTINC.  AND  BORING 


FOREWORD 

I here  are  a niultilude  o!  ta^kb  that  involve  the  tutting,  drilling,  or  excavating  of 
natural  giound  matetials  and  mabbive  blrutlural  materials.  The  required  technology 
varies  with  the  pioperties  ol  the  mateiials  and  w'ith  the  scale  of  operations,  but  a 
broad  distinction  can  be  made  on  the  basis  of  the  strength,  cohesion,  and  ductility 
ol  the  material  that  is  to  be  worked.  In  weak  materials  that  have  little  errhesion 
(e.g.  t\  pical  soils)  the  foices  and  energy  levels  rei|uirecl  tor  separation  and  disaggie- 
gation  are  often  small  compared  wrth  the  forces  and  energy  levels  required  for 
acceleration  .trrd  transport,  .irid  materials  handling  technology  dominates  the  con- 
sideration, Bv  contrast,  in  strtjng  materials  that  e.xhibrt  brittle  fracture  character- 
istics (e.g.  rock,  crrncrete,  ice,  Iro/en  ground)  the  lorccs  and  errergy  levels  required 
lor  dating  and  breaking  are  hrgh  compared  with  those  required  for  handling  the 
broken  material,  and  tfie  technical  empliasis  is  on  cuttirrg  and  breaking  processes. 

CRRf  1 has  long  beerr  concerned  with  excavating  and  drilling  in  icc  and 
Iro/en  ground,  and  over  the  past  decade  svstematic  research  has  been  directed  to 
this  technical  area.  Ihe  research  has  covered  a wide  range  ol  established  technolo- 
gres  and  novel  concepts  but,  for  short  term  applications,  interest  has  necessarily 
centered  on  special  develo|)merrts  of  proven  concepts.  In  particular,  there  has  been 
considerable  concern  with  direct  mechanical  cutting  applied  to  excavation,  cutting, 
and  tirilling  of  frozen  soils,  glacier  ice,  floating  icc,  and  dense  snow.  During  the 
course  ol  this  work,  numetrrus  analyses  and  design  exercises  have  been  undertaken, 
and  an  attempt  is  now  fteing  made  to  develop  a systematic  analytical  scheme  tfiat 
can  be  irsed  to  lacilitate  future  work  on  the  mechanics  of  cutting  and  boring 
machines. 

In  the  indtrstrial  sector,  roc k-cuttirrg  m.iehines  are  usualK  designed  bv  applying 
stanriaril  engineering  method'  in  eoniunction  with  experrence  gained  during  evolu- 
tron  of  successive  gener.iti  wa  of  nta'.  trrnes.  I his  is  a verv  sourrd  approach  for  gradu- 
al progressive  development,  btri  rt  rnav  not  be  .rppropriate  when  there  are  require- 
ments for  r.rpid  development  involvirrg  railical  ,lepartirres  from  established  periorm- 
ance  characteristics,  or  tor  operation'-  in  urnrsual  ar.d  unlamriiat  materials.  A 
distinct  alternative  is  to  design  nrore  or  less  fronr  lirst  prrnclples  bv  means  of 
theoretical  or  experimerrtal  methods,  but  this  alter  n.rtive  rnav  not  be  practically 
feasible  in  its  more  extreme  form. 

f here  are  numeroirs  difficulties  in  attenrpting  ,r  strir  t scientific  approach  to  tfte 
rfesign  of  rock-errtting  m.ichines.  Ihe  relev.rrrt  ihioretical  rock  mechanics  is  likely 
to  involve  controversial  fracture  theories  aruf  failure  criteria,  and  to  call  lor  det.iiled 
material  properties  that  are  not  normally  available  to  a machrne  designer.  Direct 
experiments  arc  costly  and  tirne-consirming,  and  experimental  data  culled  from  the 
literature  may  be  unstritable  Irrr  extrairolation,  especi.tllv  when  (as  is  sometimes  the 
case)  tlicy  are  described  by  relationships  that  violate  the  basic  physics  of  the  prob- 
lem Comprehensive  mechanical  analyses  for  rock-cutting  machines  have  not  yet 
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evolved,  and  while  established  design  principles  for  metal-cutting  machine  tools 
may  be  helpful,  they  do  not  cover  all  pertinent  aspects.  For  example,  there  are 
usually  enormous  differences  in  forces  and  power  levels  between  machine  tools 
and  excavating  machines,  and  force  components  that  can  be  almost  ignored  in  a 
relatively  rigid  machine  tool  may  be  crucial  design  factors  for  large  mobile  rock 
cutters  that  are  highly  compliant. 

In  dealing  with  cold  regions  problems  where  neither  outright  empiricism  nor 
highly  speculative  theory  seem  appropriate,  some  compromise  approaches  have 
been  adopted.  While  simple  and  practical,  these  methods  have  proved  useful  for 
analysis  and  design  of  cutting  and  boring  machines  working  under  a wide  range  of 
conditions  in  diverse  materials,  and  it  seems  possible  that  they  might  form  the  basis 
for  a general  analytical  scheme.  The  overall  strategy  is  to  examine  the  kinematics, 
dynamics  and  energetics  for  both  the  cutting  tool  and  the  complete  machine 
according  to  a certain  classification,  adhering  as  far  as  possible  to  strict  mechanical 
principles,  but  holding  to  a minimum  the  requirements  for  detailed  information  on 
the  properties  of  the  material  to  be  cut. 

Kinematics  deals  with  the  inherent  relationships  defined  by  the  geometry  and 
motion  of  the  machine  and  its  cutting  tools,  without  much  reference  to  the  prop- 
erties of  the  material  being  cut.  Dynamics  deals  with  forces  acting  on  the  machine 
and  its  cutting  tools,  taking  into  account  machine  characteristics,  operating  pro- 
cedures, wear  effects,  and  material  properties.  Energetics  deals  largely  with  specific 
energy  relationships  that  are  determined  from  power  considerations  involving  forces 
and  velocities  in  various  parts  of  the  system,  taking  into  account  properties  of  the 
materials  that  are  being  cut. 

These  mechanical  principles  are  applied  in  accordance  with  a classification  based 
on  the  characteristic  motions  of  the  major  macnine  element  and  the  actual  cutting 


tools,  as  illustrated  above.  Machines  arc  classjitied  as  tranwerse  rotation,  axial  rota- 
tion, or  continuous  belt,  while  the  action  of  cutting  tools  is  divided  into  parallel 
motion  and  normal  indentation. 

Transverse  rotation  devices  turn  about  an  axis  that  is  perpendicular  to  the  direc- 
tion of  advance,  as  in  circular  saws.  The  category  includes  such  things  as  bucket- 
wheel  trenchers  and  excavators,  pavement  planers,  rotary-drum  graders,  large  disc 
saws  for  rock  and  concrete,  certain  types  of  tunneling  machines,  drum  shearers, 
continuous  miners,  ripping  booms,  some  rotary  snowplows,  some  dredge  cutter- 
heads,  and  various  special-purpose  saws,  millers  and  routers.  Axial  rotation  devices 
turn  about  an  axis  that  is  parallel  to  the  direction  of  advance,  as  in  drills.  The 
category  includes  such  things  as  rotary  drills,  augers  and  shaft-sinking  machines, 
raise  borers,  full-lace  tunnel  boring  machines,  corers,  trepanners,  some  face  miners, 
and  certain  types  of  snowplows.  Continuous  belt  machines  represent  a special  form 
ol  transverse  rotation  device,  in  which  the  rotor  has  been  changed  to  a linear  cle- 
ment, as  in  a chain  saw.  The  category  includes  “digger  chain”  trenchers,  ladder 
dredges,  coal  saws,  shale  saws,  and  similar  devices. 

In  tool  action,  parallel  motion  denotes  an  active  stroke  that  is  more  or  less  paral- 
lel to  the  surface  that  is  being  advanced  by  the  tool,  i.e.  a planing  action.  Tools 
working  this  way  include  drag  bits  for  rotary  drills  and  rock-cutting  machines;  picks 
for  mining  and  tunneling  machines;  teeth  for  ditching  and  dredging  buckets;  trencher 
blades;  shearing  blades  for  rotary  drills,  surface  planers,  snowplows,  etc.;  diamond 
edges  for  drills  and  wheels;  and  other  “abrasive”  cutters.  Normal  indentation  de- 
notes an  active  stroke  that  is  more  or  less  normal  to  the  surface  that  is  being  ad- 
vanced, i.e.  one  which  gives  a pitting  or  cratering  effect  such  as  might  be  produced 
by  a stone  chisel  driven  perpendicular  to  the  surface.  Tools  working  this  way  in- 
clude roller  rock  bits  for  drills,  tunneling  machines,  raise  borers,  reamers,  etc.;  disc 
cutters  for  tunneling  machines;  and  percussive  bits  for  drills  and  impact  breakers. 

A tew  machines  and  operations  do  not  fit  neatly  into  this  classification.  For  ex- 
ample, certain  roadheaders  and  ripping  booms  used  in  mining  sump-in  by  axial 
rotation  and  produce  largely  by  transverse  rotation,  and  there  may  be  some  question 
about  the  classification  of  tunnel  reamers  and  tapered  rock  bits.  However,  the 
classification  is  very  satisfactory  for  general  mechanical  analysis. 

Complete  treatment  of  the  mechanics  of  cutting  and  boring  is  a lengthy  task, 
and  in  order  to  expedite  publication  a series  of  reports  dealing  with  various  aspects 
of  the  problem  will  be  printed  as  they  are  completed.  The  main  topics  to  be  covered 
in  this  series  are: 

1.  Kinematics  of  transverse  rot  tion  machines  (Special  Report  22b,  May  1975) 

2.  Kinematics  of  axial  rotation  machines  (CRREL  Report  76-16,  June  1 976) 

3.  Kinematics  of  continuous  belt  machines  (CRREL  Report  76-1  7,  )une  1976) 

4.  Dynamics  and  energetics  of  parallel-motion  tools 

5.  Dynamics  and  energetics  of  normal  indentation  tools 

6.  Dynamics  and  energetics  of  transverse  rotation  machines 

7.  Dynamics  and  energetics  of  axial  rotation  machines 

8.  Dynamics  and  energetics  of  continuous  belt  machines. 
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INTRODUCTION 

P.uallel  motion  tools  arc  used  in  a wide  variety  of  cutting  and  boring  devices,  liom  hand  tools  to 
giant  machines.  Simple  examples  include  knives,  chisels,  planes  and  hand  saws.  Othei  applications 
are  found  in  woodworking  and  metal-working  machines,  such  as  saws,  lathes,  millers  and  drills.  On 
a larger  scale,  parallel  motion  tools  are  fitted  to  construction  machines  and  agr  icultural  machines 
that  work  in  soils.  However,  in  this  report  the  main  concern  is  with  tools  that  are  used  for  cutting 
and  boring  in  rock,  concrete,  mineral  deposits,  frozen  ground  and  ice  (I  ig.  1 ).  I he  tv  pes  (jI  machines 
that  carry  the  tools  include  rotary  diills  and  corers,  mining  machines  and  tunnel  borers,  wheel  trench- 
■ ers  and  ladder  trenchers,  chain  saws  and  disc  saws,  milling  and  planing  diums,  tractor  rippeis,  di edges, 

I > and  excavator  buckets.  In  these  applications  the  cutting  tools  themselves  are  usually  known  as 

draq  bits,  picks,  or  cutting  teeth.  On  a different  scale,  cutting  diamonds  are  also  parallel-motion 
tools,  and  some  grinding  abrasives  can  probably  be  included  in  the  same  category. 

The  object  of  this  report  is  to  examine  the  forces  developed,  and  the  energy  consumed,  when 
parallel  motion  tools  cut  various  types  of  rock,  taking  into  account  modes  of  operation,  tool  geome- 
try, cutting  speed,  wear,  and  compliance.  The  first  pari  deals  with  general  characteristics  of  cutting 
tools  and  relevant  theoretical  considerations;  the  second  part  summarizes  and  reviews  available  ex- 
perimental data  on  tool  forces,  and  the  final  section  cisvers  energy  considerations  and  expei  iment.rl 
* data  on  variations  of  specific  energy.  No  attempt  is  made  to  consider  the  complex  tool  motrons 

that  occur  when  tools  arc  fitted  to  various  machines,  since  these  motions,  and  their  inlluerices  on 
tool  geometry,  have  already  been  treated  in  Parts  1-3  of  tliis  scies. 

A major  effort  has  gone  into  crampiling  as  much  experimental  data  as  ctruld  be  obtained,  much 
t of  it  from  relatively  obscure  sources.  A thorough  compilation  was  judged  necessary  tor  understand- 

ing  of  the  interrelationships  between  the  many  variables,  and  tor  resolution  of  some  apparent  con- 
' '■  tradictions  between  different  sets  of  data. 

I 

TERMINOLOGY 

I A kerf  is  the  groove  or  slot  gouged  out  by  a tutting  tool.  Parallel  kerfs  swept  out  by  adjacent 

i,.'  tools  may  overlap,  or  they  may  be  separated  by  uncut  ribs.  In  brittle  materials  a kerf  usually  has 

skrping  sides  resulting  Irrrm  over  break. 

I y 
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Cl.  Small  pick),  tar  mining  machines,  all  Upped  with  Itingslen  carbide  inserts. 


h.  Knialiiinally  symnwtrnal  tools  known  variously  as  "bullet  hits,  " "pitnnh-hoh 
bits,  " "pent  it  bits,  " "i  onit  a!  hits,  " "point  attack  hits.  " I be  tungsten  carbide  in- 
sert is  set  in  a similar  manner  to  the  lead  ol  a pencil. 

/ igure  I.  I samples  ol  parallel-motion  tools  lor  cut  ling  rot  k and  other  brittle  materials. 
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Medium  sUe  “parrot  heab  “ picks  tor  mining  and  rock-cutting  machines. 


d.  Clockwise  from  upper  left:  small  hard-faced  blade  for  a ladder-type  soil  lieih  her  : 
large  tooth  for  use  on  heavy  auqet  drills,  hut  kel  wheel  trenchers  or  excavator  but  kcts 
heavy  pick  tor  tunneling  mathines;  hollow  rock-cutting  pick  for  “spigot  “mounting. 

t igure  1 (cant'd). 
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lecth  lor  hi-avy  uuqcn  horinq  in  soils  and  w cuk  /ocks. 


I.  Coal-c'illcr  bits  with  I'erw  hiqh  relief  uiiqle;  lo\ser  Hem  is  u link  from  the  ihuin 

ol  a small  coal  sass. 

I iqure  / (cont 'd).  / samples  of  parallel-motion  tools  lot  utllinq  rock  and  other  brittle  materials, 


g.  Chain-saw  teeth,  designed  for  wood<utting  and  modified  to  cut  ice. 

Figure  1 (cant'd). 

The  difference  between  the  width  of  a tool  and  the  width  of  the  kerf  it  produces  is  termed 
overbreak.  Overbreak  usually  gives  sloping  sides  to  the  kerf;  the  inclination  of  the  sideslope  to  the 
normal  direction  is  known  as  the  overbreak  angle  0. 

Chipping  depth  8 is  the  penetration  of  the  tool  into  the  work,  measuring  in  a normal  direction 
from  the  current  surface  to  the  tool  tip  (Fig.  2).  It  is  equivalent  to  "uncut  chip  thickness"  in 
machine  tool  terminology. 

Deep  cutting  involves  penetration  of  the  tool  to  a depth  significantly  greater  than  the  radius  of 
the  tool  tip  r (Fig.  9).  It  allows  tool  rake  to  have  some  influence  on  the  cutting  process. 

Shallow  cutting  involves  penetration  of  the  tool  to  a depth  that  is  comparable  to,  or  less  than, 
the  radius  of  the  tip  r (Fig.  9).  The  apparent  rake  of  the  tool  is  largely  irrelevant  to  the  cutting 
process  in  shallow  cutting. 

Orthogonal  cutting  takes  place  when  a straight-edge  cutting  tool  moves  in  such  a way  that  the 
cutting  edge  is  perpendicular  to  the  direction  of  motion  (Fig.  4).  With  a wide  tool,  orthogonal  cutting 
can  be  idealized  as  a two-dimensional  process.  Direct  scraping  with  a bulldozer  blade  is  an  example 
of  orthogonal  cutting. 

Oblique  cutting  takes  place  when  the  edge  of  a cutting  tool  is  not  perpendicular  to  the  direction 
of  motion  (Fig.  4).  Th*re  may  be  more  than  one  cutting  edge  involved  in  this  slicing  action,  as  in  a 
V-face  tool.  Angle-Cozing  with  a side-angled  bulldozer  blade  is  an  example  of  oblique  cutting. 
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Figure  2.  Cutting  terminology,  a)  Deep  cutting,  in 
which  the  chipping  depth  S is  significantly  greater  than 
the  radius  of  the  too!  tip  r.  Force  components  f (re- 
sultant), (normal)  and  (tangential)  are  illustrated, 
b)  Shallow  cutting,  in  which  the  chipping  depth  t is 
comparable  to,  or  smaller  than,  the  radius  of  the  tool 
tip,  making  the  rake  angle  largely  irrelevant,  c)  Wear 
flat  on  the  relief  face  (flank  wear).  Note  that  the  wear 
flat  is  not  always  exactly  parallel  to  the  tangential 
direction;  it  sometimes  inclines  slightly,  giving  initial 
negative  relief  angle  of  a few  degrees. 
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I he  cutting  force  exerted  by  a tool  is  the  force  required  to  actually  cut  or  break  chips.  It  docs 
tiol  itKiude  (ortes  associated  with  chip  clearance  or  with  unnecessary  friction  of  trailing  parts  of  the 
tool.  Ihe  resultant  cutting  force  f is  inclined  at  some  angle  to  the  work  surface,  and  it  is  convenient 
to  resolve  it  into  components  parallel  and  perpendicular  to  the  surface,  the  tangential  component  f., 
and  the  normal  component  f„  respectively  (Fig.  2a).  The  unqualified  term  “cutting  force”  is  used 
hv  some  writers  to  denote  the  tangential  component  only.  In  this  report,  primes  are  used  to  denote 
hrree  per  rrnit  width  (f\  f,',  f,',),and  bars  are  used  to  denote  mean  values  {f\  f^,  f„)  where  force  fluc- 
tuates with  lime. 

Specific  energv  lor  the  cutting  process  is  the  energy  required  to  cut  or  break  unit  mass  or  unit 
vokrme  of  material.  In  thrs  report,  specific  energy  E^  is  taken  as  energy  per  unit  volume  (it  is  also 
equal  to  the  cutting  power  divided  by  volumetric  cutting  rate);  this  gives  a quantity  that  has  the 
dimensions  of  stress.  Unless  slated  otherwise,  it  does  not  include  energy  consumed  in  displacing 
or  acceler.iting  cuttings.  I he  reciprocal  ol  specific  energy,  termed  energy  effectiveness,  is  used  by 
some  writers  to  express  energetic  efficiency. 

fhe  angle  of  friction  v in  cutting  theory  is  the  angle  between  the  resultant  cutting  force  and  a 
normal  to  the  rake  face  ol  the  tool  (f  ig.  6).  It  is  often  regarded  as  being  the  friction  angle  lor 
sliding  of  rock  (or  other  material)  against  the  tool  face,  but  this  physical  interpretation  seems 
dubious. 
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/ /(/(//('  i.  (jcorrh'li^'  (/(‘'.ii/nulioti  at  too!  iiin/lcs. 


I lu-  <iih/lc  ol  intcrihil  ft  it.  linn  i,‘i  is  ilu'  inilin.il  ion  of  ,i  linr.ii  Mohr  i.'nvclo|K’  loi  na  k I ha  I I ails  in 
Loiiloi  mantc  with  the  ( oulomh-Mohi  si  iti'rion. 

’ I lu'  s/iiY//  MH/lc  (I  is  the  iiulinalioM,  rdati  a'  to  the  sui  lacs  pl.ins,  ol  a In  polhslical  shsai  pl.mc 
i.lovclopsi.1  cluiini;  lotnialion  ol  cullinjts  oi  snips  (sss  I !>;.  S), 

I Ik'  niisC  anqh'  ol  a cutting;  tool  is  ihs  anitlr'  Ik’lks'sn  the  IsadiiiK  lass-  ol  the  tool  and  a normal 
to  tils'  siirlasi'  ol  Ilk'  uoi  k (I  i^;.  d). 

Ilk'  rdu  ! u/iqlc  ol  .1  sultiin;  tool  is  Iho  anj;k'  Ih  Iws's'ii  ilk'  loks'i  siirlass'  ol  Ilk  tool  (the  "Hank" 
in  mashins  tool  Is'i minoloj;\  ) ,md  a plans'  paralls'l  to  ills'  siii  Iasi’  ol  the  ssoi  k (I  11;.  3). 

\hc  ini  liii/rj  nnqif  ol  ,i  suiting  tool  Pj  is  the  ani;ls'  hs'lws's'ii  ilk-  laks'  lass'  ansi  iho  is'lis'l  lass',  i.s'. 

ii-j  yi)-(nM-7>' 

I Ik'  s/i/f  iJ/ii/lc  is  Ilk'  anitls'  hi’twi'i'n  ilk'  is’ailim;  hisi-  ol  Ills'  tool  ,inil  a not  nial  to  tils'  ti.iu'l 
slirs'ition.  ms'asiM  im;  in  a pl.tns'  paialls'l  lo  Ills'  \sor  k sui  lass'  (I  iK.  3), 

Ilk'  s/i/c  If/il  l ■i/ii/li’  ,i,,  IS  Ilk'  aiktls’  hs'tsvs's'ti  Ills’  sisli’  ol  ths’  toot  ,ind  tits'  Itass'l  sliis’stion.  ms'asuiin: 
in  .1  pl.iik'  p.iialls'l  to  Ilk’  woik  surl.iss'  II  it;.  3). 

Ilk'  /k/m'  u/inli'  lif-  is  Ills'  .itiitls'  hrtus's'ti  ills'  bass'  ot  ills'  li'aslini;  hiss'  ansi  ths'  plans'  ol  ths'  woik  sin- 
hiss',  rik'.issii  lint  in  ■!  plans'  tli.it  is  iiomii,iI  to  Hii'  Ir.iu’l  sliri'slion  (I  ii;.  3). 


S \tl(  HAMCS  <>/  CUI  ll\(.  \\l)  n<)l-;i\(. 


Ihc  t/f'  radius  ol  ,i  culling  tool  r is  the  i.iclius  ul  curvalutc  ol  Itic  culling  edge  wtien  viewed  in 
side  elev.iliim. 

Ihe  tuic  protdv  ol  a culling  lool  is  the  shape  ol  ihe  rake  lace  when  viewed  in  IronI  elevalion 
(Hg.3). 

A wear  flat  on  a culling  lool  is  an  abraded  area,  typically  almost  paiallel  lo  the  work  surlace 
(Idg.  2).  The  term  "wear  land"  is  used  in  machine  lool  technology. 

Tool  speed  u is  the  linear  speed  ol  the  cutting  tool  in  a direction  parallel  to  the  work  surlace. 

TVtc  compliance  of  a lool  in  any  given  direction  is  the  lool  delleclion  divided  by  Ihe  applied  foice. 
Compliance  is  the  reciprocal  o\ stiffness  (force  divided  by  delleclion). 

PRINCIPLES  OF  CUTTING 

Forces  acting  on  a single  cutter 

Parallel-motion  tools  all  work  by  some  kind  of  planing  or  abrading  action;  in  some  materials  the 
action  is  more  or  less  continuous,  so  that  the  cuttings  tend  lo  be  long  shavings  or  uniform  powders, 
while  in  other  materials  the  action  is  discontinuous,  and  the  cuttings  lend  lo  be  discrete  chips  with 
associated  smaller  fragments.  In  a planing  motion,  the  tool  is  usually  driven  across  the  work  in  a 
direct  symmetrical  way,  such  that  its  axes  rrf  symmetry  are  parallel  or  normal  to  the  direction  ol 
motion  (Fig.  4).  The  alternative  is  for  the  tool  lo  slice  sideways  while  it  thrusts  forward,  so  that 
there  is  a lateral  component  of  relative  motion  when  lelerence  axes  are  symmetrical  with  respect  lo 
the  lool  (Fig.  4).  For  basic  analytical  purposes  the  direct  symmetrical  action  is  Ihc  one  that  is  usually 
treated,  since  it  lends  itself  to  two-dimensional  idealization.  This  mode  of  action  is  termed  orthogonal 
cutting  in  the  analysis  of  metal-culling  machine  tools  (the  alternative  mode  is  referred  lo  as  oblique 
cutting). 

A rock-cutting  drag  bit  or  similar  lool  can  perhaps  be  envisaged  as  an  inclined  indenler,  oi  chisel, 
that  is  scraped  continuously  across  ihe  advancing  surface  while  being  held  forcibly  into  the  work. 

It  experiences  a direct  indentation  resistance  that  is 
inclined  at  some  angle  to  the  advancing  surface,  plus  a 
Irictional  resistance  that  is  more  or  less  tangential  lo 
the  lip  trajectory.  In  orthogonal  cutting,  the  force  im- 
posed on  the  rock  by  the  tool,  and  the  equal  and  op- 
posite reaction  on  the  tool  itself,  can  be  resolved  into 
a tangential  component  F,  and  a normal  component 
(Fig.  2),  directions  being  taken  with  reference  to  the 
plane  of  the  advancing  surlace.  Both  the  absolute  and 
relative  magnitudes  of  F,  and  F,,  vary  with  chipping 
depth,  rock  properties,  and  lool  angles,  and  they  also 
change  with  time  as  progressive  wear  changes  the  shape 
of  the  tool  lip. 

Tool  forces  also  fluctuate  over  short  periods.  In 
the  cutting  ol  brittle  materials  this  is  always  the  case, 
since  the  process  is  inherently  one  of  repetitive  chipping.  With  more  ductile  malei  ials,  which  can 
be  cut  continuously,  force  fluctuations  are  more  directly  attributable  to  the  characteristics  of  the 
machines,  i.c.  to  what  extent  it  is  compliant  ("soft")  or  rigid  (“stilf").  The  compliance  ol  the  lool 
and  the  machine  also  influences  the  cutting  mode,  in  that  a very  rigid  lool  can  readily  maintain 
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Figure  4.  Orthogonal  cutting  and  oblique 
cutting. 
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constant  thip()ing  depth,  whereas  a highly 
tonipliant  tool  tends  to  delleet  (jr  to  ride 
up  in  response  to  (lucUiations  in  culling 
resistance. 

Theoretical  ideas  on  cutting 

Iheorelical  ideas  on  cutting  with  paialiel- 
molion  tools  oiiginaie  in  the  analytical  work 
that  has  been  done  in  connection  with  ma- 
chining of  melats.  In  orthogonal  metal- 
cutting,  three  modes  of  cutting  are  distin- 
guished, depending  on  the  type  of  chip  that 
is  foimcd.''  In  1 ype  I a discontinuous,  or 
segmental,  chip  is  formed  hy  the  tool  when 
the  material  behaves  in  a more  or  less  briule 
Figure  5.  kkuH/ed yeomeiry  lor  metal  cuttiny  by  a manner.  In  Type  II  a continuous  chip  is 
parallel  motion  tool.  formed;  this  is  favored  b\  ductile  behavior 

ot  the  material  and  by  low  friction  between 
the  chip  and  the  rake  lace  of  the  tool.  Ty  pe 

111  also  involves  formation  ot  a continuous  chip,  but  a built-up  nose  or  edge  ol  metal  adheres  to  the 
rake  face  of  the  tool  near  its  tip,  creating  a lalse  cutting  edge  and  giving  high  chip  friction.  In  all  of 
these  cutting  modes  it  is  considered  that  chips  arc  formed  by  shearing  along  a plane,  or  within  a zone, 
that  extends  from  the  tool  tip  to  the  Iree  surface,  the  plane  or  /one  having  a characteristic  inclination 
to  the  direction  ol  tool  motion  (I  ig.  5).  The  main  itbi'cct  of  theoretical  analysis  is  to  relate  tool 
forces  to  material  properties,  tool  geometry,  and  operating  conditions. 

Inclination  ol  the  shear  plane  {0),  termed  the  “shear  angle,”  has  been  considered  in  various 
tbcorctical  analyses  of  metal  cutting.  In  the  pioneering  trnst-Merchant  theory  (tlrnsl  1938,  1951, 
Merchant  1945),  application  of  a maximum  stiear  stress  hypothesis  led  to  a value  of  shear  angle  that 
can  be  e.xpressed  as 

I 2(-'2-*p, -y/j  (1) 

or 

1/  i;2l7T  2-Un-’  (/’X)!  (2) 

wheie  p,  is  a positive  rake  angle  of  the  cutting  tool,  y is  an  "angle  ot  friction”  between  the  metal 
chip  and  the  rake  face,  and  f[  and  f'^  ate  tangential  and  normal  components  of  cutting  foice  (per  unit 
w.dth)  respectively  (see  Tig.  6).  This  did  not  give  good  agreement  with  cxpei imcntal  data,  and 
Merchant  modilied  the  approacti  by  adopting  a yield  ct  itcrion  equivalent  to  the  Coulomb-Mohr  fail- 
ure criterion: 


* Three  analogous  modes  of  chip  formation  arc  considered  in  orthogonal  cutting  ot  wood  with  paral- 
lel motion  tools  (Koclt  1964).  1 vpe  I is  a discontinuous  mechanism  involving  cleavage  paiallel  to  the 
free  surface,  followed  b\  cantilever  failure.  Type  II  is  a continuous  mechanism  involving  compres- 
sion and  shear,  terminating  at  a definite  shear  plane.  Type  III  also  involves  compression  and  shear, 
but  there  is  less  ol  a peeling  action  and  more  tendency  to  cvclic  ii'pctition.  As  in  metals.  Type  111 
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f iqurv  6.  f one  vei^tors  for  a cutting  tool,  showing  resolution  of 
orthogonal  tone  components  in  three  different  sets  of  directions 


r,  - Tq+A'O, 


(3) 


where  and  Tq  are  tangential  and  normal  stresses  on  the  shear  plane,  Tq  is  the  tangential  stress  when 
= 0,  and  A is  a constant.  The  value  of  shear  angle  derived  with  this  assumption  can  be  expressed 
as 


0 = 1/2  (cof’  A+/3,  -i//) 


(4) 


or 


0 = 1/2  (rr/2-«+(3,-C<) 


(5) 


0 


l/2|rr/2-0-Un-1 


(6) 


where  O is  the  "angle  of  friction”  for  the  more  familiar  form  of  the  Coulomb-Mohr  criterion,  using 
the  substitution  tan0  = A.  Merchant  used  the  term  "machining  constant"  for  cot*’  A.  Later  develop- 
ments involved  application  of  plasticity  theory.  Assuming  that  the  metal  behaves  as  an  ideal  rigid- 
plastic  material,  Lee  and  Shaffer  (1951 ) obtained  a value  for  the  shear  angle  that  can  be  expressed 
as 


0 = -0 


(7) 


1‘ARI  ■/.  DYNAMICS  AND  ENLRCLnCS  or  RARALl.Rl.  MOflON  lOUlS 


1)  - n-/4-tan‘’  (y) 

lliis  u'lation  is  obviously  liniiled  to  conditions  where  < t'[. 

Ihe  elleciive  shear  ariitle  has  been  determined  experimentally  by  measuring  the  thickness  or 
length  ol  a continuous  chip  relatise  to  the  depth  or  length  r>f  cut  lot  a wide  orthijgonal  cutter.  Ke- 
lerring  to  I igure  s.  the  shear  angle  is  given  by 


0 


\ I sindi  / 


(9) 


where 


r,  = CY'^l.'lL 

d|  is  the  rake  angle  of  the  cutting  tool,  k is  uncut  chip  thickness,  I''  is  chip  thickness  after  cutting, 

L is  tool  travel  distance,  and  is  the  corresponding  chip  length. 

Knowing  0 Irom  experimental  determination  {e.g.  eej  9),  having  a relation  between  0 and 
such  as  in  et|  2,  6 or  8,  and  knowing  the  yield  strength  of  the  material  {according  to  some  failure 
criterion),  then  values  ol  and  /„  can  be  estimated  by  resolving  along  the  shear  plane.  Tor  example, 
taking  a simple  vield  strength  V'  that  is  unaffected  by  normal  stress,  resolution  along  the  shear  plane 
gives 


rj  cosd-/',!,  sind  - Vy.sind  (10) 

and  eq  2 gives 

I Jr; -CM  20.  (11) 

If  V and  0 are  known,  then  and  can  be  determined  from  eq  10  and  1 1 : 

r,'-2V\cotO  (12) 

•=  2U  cotd  col  20  = Vk  (cot^d-1).  (13) 


I or  some  reason  the  expression  lor  is  usually  expressed  in  a mixture  ol  implicitly  related  variables 


/■  (14) 

' sintt  cos(iV+ 

Ibis  IS  .ii.  tuallv  klentical  to  eq  12. 

Ihe  onlv  gi  neral  pvtint  that  need  be  made  about  this  rather  tortuous  semi-theoretical  estimate 
Is  th,it  It  predicts  direct  proportionality  between  cutting  force  and  the  chip  depth  V. 

So  |,ir.  theorelic.il  approaches  have  not  provided  a reliable  basis  for  quantitative  analysis  of  cutting 
lorces,  ,md  so  the  usu,tl  expetfien!  in  metal-cutting  an.ilvsis  is  to  adopt  empirical  equations  that  re- 
l.rte  cutting  lorce  /,  to  depth  ol  cut,  leed  rate,  tool  geometry,  and  material  properties.  OnU  the 
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Ml  UI  \NICS  Ot  CUl  riN(,  A.W  liOKIXC, 


e'  I - 

F \ Follure 

Sharp  i 

Indenting  2a  

Wedge  ^ v pf,^i,Qri  between  ;ocK  and  wedge 

^ L = tan  i// 


' Tensile  failure  with  hinge  at  point  A 


i iiHiie  7.  IMiU'lnitioii  by  u \lnirp  symniclrical 
wdqe  in  pro\imily  tu  ■/  ^yciondury  tree  hiee 
l.ivrr>'  llieury. 


l iL/nre  .S'.  I'enetruliun  by  u blunt  \ym- 
nietr/cal  wfc/i/r  in  pruKinnty  to  u iecond- 
ary  tret  lace  /.  iw/f' ' Ibenry. 


tdiii’cnlidl  aimpoiH'iii  t\  is  cimsidoicil  iinJet  notm.il  eiieumsldfiu’s,  picsunubly  fiecduse  tlie  nnim.tl 
compitnvnl  nidlsos  no  sisnitie.ini  eontiilKilinn  li>  the  power  eonsumplion,  and  hec.iUse  ddeiiuale 
rvaclion  to  c.iii  he  provided  easily.’  Some  widcK  used  eiiipirieal  relations  ol  this  kind  aie 
t|iiestionabU’,  since  they  include  dimensional  laclots  that  are  raised  to  sarial'le  powers,  and  dimen- 
sional homojteneily  may  not  he  maintained.  However,  a signilicanl  point  is  that  the  empitie.il  tela- 
lions  receii;ni/e  that  sutlini;  loiie  /,  is  not  noeess.inly  related  linearly  to  depth  ol  cut,  wheieas  the 
' simple  theoretic.il  ai'pio.iches  indicate  that  cutlinu  lorce  /,  direr  tly  proportional  to  euttinj;  depth 

' k. 

[■vans  (1462)  developed  a cuttini’  llieoiv  lot  rock  (spetilic.illy  loi  coal)  hy  considering  the  normal 
penetration  ot  a shaip  s\  mmetric.il  vved.ge  into  the  lace  of  .i  squared  block  at  a (losition  not  lar  from 
! the  corner  of  the  block  (f  ig.  7).  Ihe  wedge  penetiates  the  r.ick  and  diives  a tensile  stack  along  a 

I circih.ir  arc  fiom  tlie  wedge  lip  lo  llic  Iree  surlace,  cncoumering  some  Iriclion.d  usislante  during 

penetration.  Under  certain  simplifving  assutnplioiis.  the  penettation  resistance,  whicli  is  taken  as 
analogous  to  the  unit  tangential  cutting  fotce  is 

_ 2<Jjksin((vr jsj_[ 

’ I -sin  (a  + d) 

where  Oj  is  the  tensile  strength  ot  the  rock,  a is  the  hall-angle  ol  the  wedge,  and  'v  i'  ttie  'angle  ol 
friction”  between  the  wedge  and  the  rock,  ihis  initial  thcoielic.il  development  does  not  . ve  a 
realistic  physical  model  ot  a typical  shearing  tool  (it  is  equiv.ilent  lo  a tool  wiiti  a strong t' 
reliel  angle),  and  hva:-s  went  on  to  considci  how  oblique  penetialion  might  modilv  tie  ..  on.il  te- 
f ' suits.  In  a later  reconsider.ition  ol  the  woi  k,  taking  into  account  cxi'eMmcntal  work  to  oiIk's 

([.vans  and  Pomeroy  1 47d),  another  siniplilied  exptession  lor  a conventional  shearing  too;  h.ivmg 
’ a small  relief  angle  was  given  as 

; , 2o,-k  sin  1 1 i'2(rr,'2-(j, ) f-ia  I 

''  " X-sin[T72(7r72-i3i)'ar;rr 


* It  is  worth  keeping  in  mind  th.U  f,  and  are  .iriblrarily  chosen  components  ol  a single  resultant 
force  f\  they  are  not  separ.ile  and  independent  forces. 
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where  rJ,  is  tfie  rake  angle  ol  the  tool.  Koxhorough  (l‘)7.t)  simplilieil  this  expression  luither  by 
assuming  small  penetration  ol  the  tool  tip  and  ignor  ing  I le  tested  the  relationship  against  experi- 
mental cutting  data  U)t  sandstone  and  anhydrite,  linding  rpralitative  agreement  lor  trends  ol  variation 
with  rake  angle  and  cutting  depth,  although  theoretical  values  were  lower  than  experrmental  values. 

Lvans  {1962)  also  suggested  an  approach  to  the  problem  ol  stress  variation  irr  the  vicinity  ol  the 
wedge  tip,  postulating  that  stress  varies  along  the  chord  ol  the  lailure  arc  in  proportion  to  a power  ol 
the  distance  Irom  the  tip,  n being  the  exponent  ol  this  power  relation.  I he  expression  obtained  bn 
/|  was 


/ ' - ‘'"t}  sin  (on;/)  . (17) 

' r)  * 2 I -sin  (a  *■  ij/) 

Ibis  ecjuation  is  almost  the  same  as  eq  15,  except  that  the  elleclive  tensile  strength  is  reduced  by  a 
factor  2/(«  + 2). 

[.vans  (1965)  considered  the  effect  of  blirnting  at  the  tool  tip  by  analyzing  the  penetration  ol  a 
wedge  having  a flat  end  of  width  2h  (f  ig.  8).  Ihe  expression  obtained  lor  f[  was 

-Ll-  sin(g  + vz)  ) /-V"  I 1 (18) 

2ij-|-V  2 sin7  cos(7-rQ-t-C/)  \tij/\f'/  | cos(y  + a-t  yz)  | 

where  m is  a parameter  that  has  values  of  approximately  0.5  to  0.7,  and  is  the  compressive  strength 
of  the  rock.  The  angle  y is  obtained  from 

cosl2Ttrj.-»-,r;/),  ^ 2'"-^ cos(Q  + t>).  (19) 

I -cos2a  \ rr,  /\V  / 

Nishimalsu  (1972)  developed  another  cutting  theory  for  rock  by  taking  a Coulomb-Mobr  lailure 
criterion  for  shearing  along  a plane,  as  in  the  Merchant  theory,  and  by  attempting  to  account  for 
stress  concentration  factors  and  stress  gradients  near  the  tool  tip  in  much  the  same  way  as  suggested 
by  fvans.  Mis  expressions  for  the  resultant  unit  cutting  force  / ' and  the  tangential  unit  cutting  force 
7'  are 


f = _2_  ,. ^ 

/;  + 1 ° I -sin  (0-pi  + C<) 


(20) 


= T V 

/r  t-1  ° 1 -sin(i^<-;3,  +v) 


cos  ('Jr -(3,) 


(21) 


where  z;  is  a stress  distribution  factor  characteristic  of  the  tool  (a  power  law  exponent  for  stress 
variation  with  distance),  Tq  is  the  rock's  shear  strength  for  zero  normal  stress,  0 is  the  slope  of  the 
linear  Mohr  envelope,  (3,  is  rake  angle,  and  \li  is  the  "angle  of  friction"  for  the  tool, 'rock  contact, 
as  before.  Lxperimental  data  for  7,'  and  1'^  as  functions  of  t were  obtained,  and  straight-line  fits  ol 
the  form  7'  were  adopted.  Values  of  n and  ly/  were  deduced  by  somewhat  devious  proce- 

dures, both  proving  to  be  functions  of  the  rake  angle  (3, . 

Other  developments  in  rock-cutting  theory  have  addressed  the  problem  ol  curvature  and  blunt- 
ness at  the  tool  tip. 
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SUCH  AN  ICS  or  CUl  riNC  AND  HONING 


Ideolized 
Sheer  Plane 


Effect  of  trailing  surface  subtracted  out 


Figure  9.  Idealized  too!  geometry  used  as  a basis  for  the  analysis  of  AppI  and 
Rowley  (1963)  and  Nalezny  (1971). 


AppI  and  Rowley  (1963),  following  on  from  work  by  Cheatham  (1958),  derived  theoretical 
expressions  for  the  cutting  stresses  on  a rounded-edge  drag  bit  with  zero  rake  angle  (Fig.  9).  For  a 
wide  too)  cutting  to  a depth  t that  exceeds  the  radius  of  curvature  of  the  cutting  edge: 


f'„  = (E+fc  tani/r) 
f[  = («-r  tani;r) 


To/sin^d 

Q = — 2 (24) 

* 1 1 -/■/k(tan  C/+/J, )]  (cotd-tan(/i)-tan  i//  (1  -rtan0cotO) 

and  r = radius  of  the  cutting  edge 

Tq  = rock  shear  strength  for  zero  normal  stress 
0 = "shear  angle"  (slope  of  shear  plane) 
i/r  = angle  of  friction  for  tool/rock  contact 
0 = "angle  of  internal  friction”  (slope  of  Mohr  envelope) 
p.|  = coefficient  of  friction  for  rock  on  rock. 

is  the  normal  stress  acting  radially  on  the  rounded  cutting  edge,  and  it  is  assumed  to  be  uni- 
form around  the  cutting  edge. 

AppI  and  Rowley  (1963)  went  on  to  analyze  the  tutting  stresses  for  wide  rounded-edge  tools 
cutting  to  shallow  depth,  with  ^ <;  r.  For  this  case  it  was  necessary  to  consider  radial  variation  of  the 
normal  stress  and  the  interlace  shear  stress  (u^  tan  v),  and  complicated  expressions  for  and  F,' 
resulted: 


F'  = A,  (2  tan0  + tan  i/i)-/!,  tan  i)/ 

4 tan^0+  1 


I A , j (.^l4ti^.)  I (2  tan 0+ tan  i^)-/!,  tan  0 | sinp 
1 1 4tan^0+l  1 I 
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Figure  10.  Dimensionless  cutting  force  as  a function  of  'Ijr  accorcfing  to  Naiezny's 
analysis  for  (a)  “straight"  tools  (chisel  edge)  and  (b)  rounded  base  tools.  Cutting 
force  is  divided  by  too!  width  w,  tip  radius  r,  and  rock  shear  strength  k. 


(26) 


(27) 

(28) 


p sin''  (1  -ic/r).  (29) 

In  a later  study  on  the  cutting  action  of  diamond  tools,  AppI,  Rowley  and  Bridwcll  (1967)  ex- 
tended the  analysis  to  tangential  grooving  with  a spherical  tool  surface.  The  resulting  expressions 
for  /,  and  f^  are  very  long  and  complex,  suitable  only  for  evaluation  by  computer,  and  it  would 
serve  no  useful  purpose  to  repeat  them  here. 

The  plane  strain  analysis  of  Appl  and  Rowley  (1963)  for  wide  tools  was  repeated  later  by 
Nale/ny  (1971 ),  who  also  started  from  Cheatham's  punch  solution  but  used  a different  expression 
for  the  normal  stress  o and  assumed  radial  variation  for  both  the  case  of  V < r and  t > r.  The 
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an.iK)iis  also  susvinl  /i-io  lakc  tools  Itavim;  a si-n)iiiTi.ulai  late  piotile  on  llie  raise  l.rte.  I lie  eqna 
tioMs  in  tile  pallet  are  iMiiten  inLoiieills , Init  the  I’laplileal  lesiills  appear  to  he  in  niilei . I hi-se  n 
stills,  \thieh  ,i;ite  normal  ami  lan;’,enlial  uilliiiK  loiees  as  liinelions  ol  ehippinn  ilepth  in  iliinensiiai 
less  lot  111,  ate  shown  in  I ii;iiie  lU. 

Ro\hounii;h  .iml  Kispiii  ( I '>  /.5h)  noteil  that  wet  chalk  hehaved  till  lei  eiitiv  than  l\  pical  hi  it  tie 
locks,  ami  lot  /,  thee  used  a lel.ition  that  had  pieviousiy  been  adapted  tioiii  the  I iiisl-Meichanl 
nielal  cutlinj;  theory  by  I’olts  .iml  Sluiulew'orth  ( 1 959),  who  were  conceineif  with  the  cultiii)’  ol 
weak  coal.  I his  lelalion  h.is  already  heen  .niveil  as  eq  I -1  dui  inti  the  tiiscussion  ol  nietal-cuttiiii; 
theoiA,!'  and  it  has  lieen  shown  Iliat  it  can  he  cespressed  more  simply  (eq  12). 

Itie  various  cutting;  itieoiies  lor  metals  and  rocks  are  usetui  in  hringiii)’  disciplined  lhounhl  to 
hear  on  the  problem,  hut  so  far  they  have  not  heen  directly  usable  for  practical  desii;n.  I he  .iltei na- 
tive, therefore,  is  to  assemble  eNperimenlal  data  that  tan  be  used  to  develop  ,i  rational  enipiiical 
approadi. 


EXPERIMENTAL  DATA  ON  CUTTING  FORCES 
Effect  of  chipping  depth  on  tool  fortes 

I t)r  a given  tool  in  a given  type  ol  rock,  bofli  the  tangential  cutting  loice  /,  and  the  normal 
cutting  forte  inciease  as  the  chipping  depth  t increases  (I  ig,  I 1-26).  The  simplest  cutting  theories 
predict  that  T,  and  will  be  directly  propoitional  to  f,  and  loi  some  materials  and  some  ranges  of 
conditions  this  is  found  to  be  approximately  true,  especially  when  f is  very  small,  hut  also  when 
f u'  (tfirec-dimcnsional  cutting).  However,  experimental  data  overall  suggest  that  the  more  general 
pattern  ol  behavior  is  lor  /,  and  lo  increase  nonlinearly  with  f in  two-dimensional  cutting  (w-  > t), 

the  rate  of  increase  dropping  off  as  V increases  according  to  some  kind  of  irregular  parabolic  relation; 
this  is  reflected  in  the  more  sophisticated  two-dimensional  cutting  theories.  A simple  approximation 
would  make  /,  or  proportional  lo  some  fractional  power  of  C 

The  rate  of  increase  of  with  f often  (alls  off  more  rapidly  than  the  rate  of  increase  of  /',  with  f , 
and  in  some  cases  appears  to  tend  to  a limiting  value  while  /,  is  still  increasing.  The  effect  is  to 
vary  the  value  of  the  ratio  which  represents  the  direction  of  the  resultant  cutting  force  (I  ig. 

27-29).  When  k is  very  small,  and  /,  tend  to  be  roughly  equal,  i.e.  the  tool  appears  to  scrape  along 

the  rock  surface  with  a friction  coefficient  approximately  equal  to  unity, t and  the  resultant  force  is 
directed  at  about  4.5°  to  the  rock  surface.  As  k becomes  appreciably  huger  than  the  radius  ol  the 
tool  tip,  may  tend  towards  a limit  while  /,  continues  to  increase,  so  that  drops  to  fractional 
values  and  the  direction  of  the  resultant  force  moves  closer  to  the  tangential  direction.  With  sharp 
positive-rake  tools,  /),//,  can  be  as  low  as  0.3,  but  with  very  dull  tools  or  with  strong  negative  rake 
the  value  of  is  likely  to  be  above  0.8  or  so  (Fig.  27-30,  50,  67,  71 ). 

Variation  of  the  ratio  /„//,  is  one  of  the  problems  in  applying  some  cutting  theories,  since  - 
tan  (v-fJ, ),  and  both  yl/  and  (3,  are  constants  in  the  theoretical  equations. 


* It  appears  that  a typographical  error  in  the  Roxburough  and  Rispin  paper  has  inluiduced  an  in- 
correct sign  in  the  expression  for  6,'  (their  eq  4). 

• Kenny  and  Johnson  (1976)  measured  the  friction  coefficient  (oi  tungsten  carbide  rubhing  on 
sandstone.  Values  based  on  mean  force  components  were  0.5  to  0.7,  while  values  based  on  mean 
peak  f orces  were  in  the  range  0.65  lo  0.85. 
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Tii/urc  13.  Components  of  cutting  force  as  functions  of  chipping  depth, 
with  rahe  angle  as  parameter.  Cutting  speed  5.2  mfmin  (!7  ftlniin),  re- 
lief angle  lO’',  tool  width  30  mm  (1.2  in.)  (Adapted  from  Nishimatsu 
( 1972)  with  curves  drawn  by  eye  through  original  data  points.) 
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Iigurel6.  Normal  and  tungcntia!  components  of  cutting 
force  as  functions  of  chipping  depth,  with  rake  angle  as 
parameter,  for  unworn  hits  in  Leaders  limestone  (relief 
f angle  10°).  (Alter  Gray  1963.) 
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Figure  1 7.  Tangential  component  of  cut-  Figure  18.  Components  of  cutting  force  as  function 

ting  force  as  a function  of  chipping  depth  of  chipping  depth.  (From  Valantin  et  al.  1964.) 

for  a sharp  too!  working  in  hard  coal  (rake 
angle  +30°,  relief  angle  > 5°).  (From  Evans 
and  Pomeroy  1973.) 
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Figure  ?l.  Force  components  as  functions  of  chipping 
depth  for  a too!  working  in  sandstone.  ( Furumi,  persona! 
communication.) 


-€  (mm) 

Figure  22.  Force  components  as  functions  of  chipping 
depth  for  a too!  working  in  andesite.  (Furumi,  personal 
communication. ) 
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Hyure  23.  Components  of  peak  cutting  force  and  mean  cutting  force  as  functions  of 
chipping  depth  for  wet  and  dry  sandstone.  The  regression  lines  appear  to  have  been 
forced  through  the  origin.  (From  Rox borough  and  Phillips  1975.) 


figure  24.  Tangential  component  of 
too!  force  (mean  maximum)  plotted 
against  chipping  deplh  in  andesite 
and  sandy  tuff  for  two  different  too! 
widths,  (f  'urumi,  personal  communi- 
cation. j 


Figure  25.  F orce  components  as 
functions  of  chipping  depth  tor  a 
too!  working  in  sandy  tuff  (Furumi, 
persona!  communication.) 
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hiyure  26.  langential  component  of 
cutting  force  as  a function  of  chipping 
depth  for  a too!  cutting  cement  mortars 
with  different  strengths,  (f  urumi,  per- 
sonal communication.) 


Figure  27.  Average  values  of  f^  and  7, 
for  three  chipping  depths  (19-mm-wide 
tool  cutting  quartzite  at  30  mm  Is). 

( From  Chamber  of  Mines  of  South 
Africa  Research  Organization  1971.) 
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Figure  28.  Ratio  of  force  com- 
ponents as  a function  of  chipping 
depth  for  a range  of  rake  angles 
(see  Fig.  II).  (From  smoothed 
data  by  Gray  1 963.) 
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figure  30.  Ratio  of  force  components  as  a function  of  chipping  depth 
for  a range  of  rake  angles:  a)  sandy  tuff,  h)  cement  mortar.  See  Fig. 

13  for  cutting  conditions.  (Adapted  from  data  by  Nishimatsu  1972.) 

tffcct  of  rake  anxlc  on  tool  forces 

With  unworn  tools  working  at  large  chipping  depths,  the  absolute  magnitudes  of  both  f,  and  f^ 
f deciease  as  negative  rake  angle  decreases,  and  as  positive  rake  angle  increases  (fig.  32-40).  Another 

I sva\  ol  looking  at  this  is  that  cutting  forces  decrease  as  the  included  angle  decreases,  since  the  relief 

angle  is  usually  small,  and  only  varies  within  narrow  limits.  The  effect  has  been  observed  over  the 
r.  range  -35  to  t^bO”  rake  for  relatively  large  chipping  depths,  but  with  small  chipping  depths  or  with 

worn  tools  the  rake  angle  does  not  have  much  effect  on  the  cutting  forces. 

With  a rounded  tool  tip  and  t < r,  it  is  obviously  the  curvature  of  the  tip  that  determines  the 
effective  rake  angle.  Gray  (1963)  gave  an  expression  for  the  effective  rake  of  a rounded  (circular 


arc)  culling  edge,  taking  the  angle  of  the  chord  of  the  circular  arc  as  the  effective  rake  angle  during 
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Figure  31,  Maximum  values  of  normal  component  of  cutting  force 
plotted  against  maximum  values  of  tangential  component,  for  tests 
in  sandstone,  andesite  and  sandy  tuff  (Furumi,  pesonal  communi- 
cation.) 


shallow  cutting.  For  a rounded  edge  cutting  with  a contact  depth  of  h during  chip  formation, 
alternative  expression  gives  effective  rake  angle  P\  as 


In  this,  h is  considered  to  be  less  than  k under  typical  cutting  conditions. 
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Figure  34.  Normali^ed  values  of  tangential  cutting  Figure  35.  Components  of  cutting  force  as 
force  as  a function  of  rake  angle.  (A  fter  Wagner  functions  of  rake  angle,  with  chipping  depth 

,'971.)  as  parameter,  for  tools  working  in  coal  ~ 

5°).  (After  Evans  and  Pomeroy  1973.) 
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Figure  36.  Normal  components 
of  peak  cutting  force  as  a func- 
tion of  rake  angle,  with  chipping  ^ 

depth  as  parameter,  for  sharp 
blades  cutting  coal.  ( Experi- 
mental data  by  Whittaker,  as  Figure  37.  Tangential  component  of  cutting  force  as  a function 
reported  by  Evans  and  Pomeroy  of  rake  angle  with  chipping  depth  as  parameter  (sandstone,  vv  = 
1973.)  I in.).  (After  Roxborough  1973.) 
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f igure  3S.  Components  of  cutting  farce  as  functions  of  rake  angle 
for  u worn  fool  c utting  quart/ite  ( widfh  of  wear  flal  = 9 mm,  chip- 
ping depth  = 5 mm,  kerf  width  = 30  mm,  cutting  speed  = 30  minis), 
(from  Chamber  of  Mines  of  South  Africa  Research  Organization 

1971). 


/ igure  39.  Components  of  cutting  force  as  ligure  40.  Resultant  cutting  force  as  a function  of 

funaions  of  rake  angle  for  deep  chipping  in  rake  angle  in  strong  rock.  (After  Valantin  ct  al.  1964.) 

weak  rock.  (Alter  Cjiantin  et  al.  196a.) 
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When  j tool  is  CLiUiiij;  deeply,  it  is  no  surprise  to  lind  that  cuttinK  forces  decrease  as  rake  aufjle 
increases,  especially  lot  the  lani;ential  component  /j.  Ihe  ellect  ol  rake  ott  the  trormal  componerrt 
/„  may  he  a little  more  dillicult  to  appreciate  intuitively,  although  irr  the  cutting  ol  softer  atrd  mote 
ductile  materials  it  is  easy  to  imagirre  that  a rregative  take  migfit  terrd  to  make  the  tool  tide  up  out 
of  the  work,  thus  increasing  hold-down  Irrtces,  while  a tool  wrth  strong  positive  rake  miglit  terrd  to 
pull  itself  down  into  the  work,  causing  /„  to  decrease  or  even  assume  negatrve  values.’ 

In  deep  cutting  the  relative  magtriturles  of  /,  atrd  mrght  be  expected  to  vary,  hut  the  available 
experimental  data  do  not  reveal  strortg  svstematic  trends  lor  variation  of  /„//,  vvrtfr  d] . Kelerrirtg 
back  to  theory  (cl.  ec|  1 and  2),  t Jt\  - tan  (r^-di  ).  ‘‘nd  if  v were  a true  constarrt,  vvfrich  cle.trl\  it  is 
not,  then  would  be  expected  to  decrease  with  increasing  rake  ..ngle.  I here  are  data  to  supprrrt 
this  expectation  (e.g.  I ig.  32,  39),  but  there  are  also  other  results  that  either  tail  to  show  nurch 
effect  or  coruradict  the  expectation. 

If  the  tr)ol  has  developed  a significant  wear  flat  on  tlie  relief  lace  (fUnk),  then  rake  angle  may 
not  have  much  effect  on  either  /„  or  I his  is  probably  because  the  wear  Hat  greatly  increasi's  /, 
by  adding  a large  frictional  drag.  This  effect  is  illustrated  by  the  analysis  of  ,Appl  and  Row  lev  ( 1963), 
which  includes  flank  forces. 

The  beneficial  eliccts  ol  increasing  rake  angle,  which  to  some  extent  are  olfset  bv  increased 
vulner.ibility  to  breakup  and  wear,  tend  to  reach  a limit  at  large  values  ot  positive  rake.  I'reservl  indr- 
cations  are  that  rake  angles  ot  +20°  to  +30°  are  probably  sufficient  to  reap  most  of  the  benefit  ol 
lowered  cutting  forces. 

Effect  of  relief  angle  on  cutting  forces 

In  the  discussion  ot  kinematic  factors  (Mellor  1975,  1976a,  1976b),  the  relief  angle  necessary  to 
clear  the  shoulder  of  a rotary  lotrl  was  calculated.  I lovvever , even  when  a cutting  torri  is  planing 
along  a flat  surface,  where  the  required  "kinematic"  relief  angle  is  close  to  zero,  it  is  found  that 
there  are  definite  dynamic  advantages  to  be  gained  tvom  a finite  vclicl  angle. 

Gray  (1963)  showed  that  both  /,  and  /„  for  his  experiments  were  sensibly  constant  lor  relief 
angles  between  4°  and  10°,  btrt  that  a sharp  increase  in  both  errmponents  occurred  wlien  the  relief 
angle  dropped  below  about  3°  (I  ig.  4 1 ).  I hese  tests  were  made  on  Hat  surlaces.  A similar  result 
was  obtained  by  Valantin  ct  al.  (1964)  in  a somewhat  different  experiment;  resultant  cutting  force 
was  constant  for  relief  angle  above  5°,  and  there  was  a sharp  increase  as  the  relief  angle  dropped  to 
lower  valires  (fig.  -12).  fivansand  Pomeroy  (1973)  report  much  the  same  effect  for  coal-cutting 
(Fig.  43),  both  /,  and  t'^  staying  constant  for  ^2  ' rising  sharply  with  smaller  relief  angles. 

As  far  as  can  be  ascertained  from  the  available  experimental  data,  the  limiting  value  for  an  effective 
"dynamic”  relief  angle  does  not  appear  to  be  sensitive  to  chipping  depth. 

I rom  these  results  it  seems  that  a relief  angle  of  about  5°  is  required  to  meet  dynamic  needs. 

Thus,  in  designing  or  setting  a tool,  5°  should  be  added  to  the  required  kinematic  relief  angle  to  ob- 
tain a minimum  value  lor  the  primary  relief  angle  (keeping  in  mind  the  distinction  between  appar- 
ent and  effective  tool  angles  when  the  cutters  are  set  on  a machine;  see  Parts  I -3).  I he  linal  value 
of  relief  angle  might  have  to  be  adjusted  lurther  as  a result  ot  wear  considerations,  which  are  irrtro- 
duced  later  in  this  report. 

Looking  at  tile  hullct  hits  in  I igure  lb,  it  can  be  seen  that  the  large  tool  in  the  centei  ol  Ihe  lop 
row  needs  to  be  mounted  at  an  angle  ot  50°  or  more  to  tlie  tangential  direction,  since  the  hall-angle 
of  the  tip  is  45  . It  can  also  be  seen  that  Ihe  bit/block  combination  in  tlie  top  right  comer  gives  zero 
relief  angle. 

In  wood  cutting  with  rake  angles  ol  20°  to  30°,  7„  tends  to  decrease  as  k increases,  eventually 
becoming  negative.  Wood  cutting  data  also  indicate  that  rake  angle  alfects  the  magnitude  of  the 
exponent  in  a power  relation  between  / and  k;  ,isdr  decteases,  the  exponent  incre.ises  tovvaids  unitv . 
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f iyure  4 /.  Components  of  cutting  force  as  Figure  42.  General  trend  of  resultant  cutting 
functions  ot  relief  angle  with  chipping  depth  force  as  a function  of  relief  angle.  (From  Valantin 
as  parameter.  (After  Gray  1963.)  et  a!.  1964). 


Figure  43.  Components  of  cutting  force  as  functions  of  relief 
angle,  with  chipping  depth  as  parameters,  for  a sharp  too!  cutting 
hard  coal  (rake  angle  = +30°).  (After  Evans  and  Pomeroy  1973.) 
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r igure  4-t.  I lfei  I ul  syninwim  a!  iitJf  raki's  ( V tui  e pit  kj. 

( ornponenti  u!  mfun  lulling  tun  i os  turn  huns  ol  with 
chipping  depth  V us  porurniter.  t Kushmough  and  I’hdhps 
/975J 


Effect  of  side  rake  on  tool  forces 

Most  practical  ro^ k-cutlins  tools  are  symmetrical  in  plan,  so  that  side  rake  angles  are  usually 
equally  disposed  about  the  center  line,  as  on  a V lace  pick.  With  such  tools,  it  is  lound  that  both 

and  /,  decrease  as  the  equal  side  rake  angles  increase  (F  ig.  44).  The  relationships  between  t^ 
and  and  between  f,  and  P^,  are  approMmately  linear  over  the  range  that  is  ol  practical  interest 
(so  that  t'^/fj  does  not  vary  signilicantly  with  p^  ). 

,-Sn  asymmetrical  tool  with  one-way  side  rake  will  develop  a transverse  comporrcnl  ol  lorco  /^,  and 
there  has  been  speculation  that  this  might  be  benelicial  in  lacilitating  breakout  to  an  adiacem  paral- 
lel kerf.  Ro\borough  and  Phillips  (197.S)  investigated  the  ellect  ol  one-way  side  rake  on  cutling 
forces  for  unrelieved  cutting  (no  adjacent  kerls)  and  lor  relieved  cutting  (parallel  kerls  at  vary  ing 
distances  to  either  side).  In  neither  case  was  there  any  signilicant  ellect  on  or  /,,  but  in  both 
cases  the  side  lorce  increased  with  increase  of  side  rake  p.^  (F  ig.  45,  46).  In  the  unrelieved  situa- 
tion, should  be  zero  at  zero  side  rake,  but  in  the  relieved  situation  it  appears  that  a tool  with  zero 
side  rake  will  actually  experience  a finite  side  lorce  that  tends  to  drive  the  tool  towards  the  relieving 
cut.  F.ooked  at  another  way,  this  means  that  a chisel-edge  tool  working  parallel  to  a single  relieving 
kerf  could  be  stabilized  by  giving  it  a positive  side  rake  ol  a lew  degrees  (positive  being  the  direction 
that  tends  to  plow  material  towards  the  relieving  kerf). 

Effect  of  base  angle  or  face  profile  on  tool  forces 

(3oth  tangential  cutting  force  /,  and  normal  cutting  lorce  decrease  nonlinearly  as  the  base  angle 
pfj  of  a V-basc  tool  increases.  A similar  ellect  can  be  expected  as  the  radius  ol  curvature  decreases 
for  a round-base  tool.  Flxperimenlal  results  by  Roxborough  and  Phillips  (1975)  show  t^  and  /,  de- 
creasing as  pg  increases  (Tig.  47),  but  tending  towards  a lower  limit  for  values  of  Pg  in  the  range  45° 
to  60°.  The  changes  in  and  /,  corresponded  to  changes  in  the  area  of  the  kerf  cross  section,  which 
reduced  as  Pg  increased  up  to  the  point  where  the  half-angle  ol  the  V-base  became  less  than  the  over- 
break  angle  of  the  rock,  i.e.  there  was  not  much  change  in  •md  7,  for  Pg  -(77/2-0).  This  effect  is 
mentioned  ag.tin  in  the  discussion  of  specific  energy. 
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Effect  of  rounding  at  the  cutting  edge 

When  the  cutting  edge  of  the  tool  tip  is  not  perfectly  sharp,  but  instead  has  a finite  radius,  the 
cutting  forces  may  vary  with  the  tip  radius.  The  edge  radius  of  a wedge-shaped  tool  determines  the 
force  level  needed  to  initiate  indentation  of  the  rock,  and  it  sets  the  lower  limit  of  penetration  be- 
low which  tool  geometry  (rake  and  relief)  has  no  significant  effect  on  the  cutting  process. 

In  Figure  48  the  smoothed  experimental  data  of  Gray  (1963)  have  been  replotted  to  show  com- 
ponents of  cutting  force  as  functions  of  tip  radius.  Both  and  increase  nonlinearly  with  increase 
of  tip  radius  r,  apparently  tending  towards  a limit  when  r becomes  of  comparable  magnitude  to  the 
chipping  depth  i.  The  variation  of  f with  r is  strongest  in  the  range  where  tip  radius  r is  small  com- 
pared with  chipping  depth  C.  Figure  49  gives  similar  data  from  Roxborough  and  Rispin  (1973a),  but 
in  these  cases  tip  radii  never  reach  values  comparable  to  the  values  of  chipping  depth  f.  Figures  50 
and  51  show  the  ratio  (Jt\  increasing  with  tip  radius  x,  and  Figure  52  implies  a similar  effect. 

Gray  used  tip  radius  r to  normalize  values  of  chipping  depth  t,  plotting  f'  against  dimensionless 
chipping  depth  (Fig.  53).  This  did  not  produce  any  obvious  simplification  of  the  plots,  although 
it  indicated  that  the  maximum  curvature  of  each  graph  might  occur  in  the  range  0.5  ''  k/r  ' 1.0. 
Normalizing  f'  with  respect  to  r for  the  data  of  Figure  53  does  not  remove  the  effect  of  the  param- 
eter/-, i.e.  the  data  do  not  collapse  to  form  curves  independent  of  r. 

The  theoretical  approaches  of  AppI  and  Rowley  (1963)  and  of  Naiczny  (1971)  deal  with  the 
effects  of  rounding  directly,  and  show  that  tip  radius  r is  a rational  parameter  for  normalizing  chip- 
ping depth  t.  The  numerical  results  of  Nalezny  indicate  that  there  is  strong  variation  of  7,  and 
at  dimensionless  chipping  depths  of  V/r  < 1,  but  both  and  7„  tend  towards  limiting  values  with 
k/z  > I . This  is  more  or  less  in  agreement  with  the  experimental  findings  of  Gray,  but  most  experi- 
mental results  show  /,  continuing  to  increase  with  k at  large  values  of  k/r.  In  other  words,  tip  radius 
r continues  to  affect  the  tangential  tool  force  even  when  chipping  depth  is  large  relative  to  tip  radius. 

Evans  and  Pomeroy  (1973)  found  that  data  for  penetration  of  coal  by  wedges  gave  a linear  rela- 
tion on  a log-log  plot,  leading  them  to  a simple  parabolic  relation  between  penetration  force  and  tip 
radius,  i.e.  force  was  proportional  toz'^T 

Both  Gray  (1963)  and  Roxborough  and  Rispin  (1973a)  used  increasing  tip  radius  to  simulate  tool 
wear.  This  may  be  somewhat  unrealistic  for  drag  bits  working  in  hard,  abrasive  material,  since  most 
of  the  wear  tends  to  take  place  on  the  relief  face,  or  flank,  forming  a flat  as  shown  in  I igures  2c 
and  65. 
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Tiqure  48.  Components  of  cutting  force  as  functions  of  tip  radius, 
with  chipping  depth  and  rake  angle  as  parameters.  (From  smoothed 
data  by  Gray  (1963)  — see  Fig.  1 1.) 
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figure  a9.  CompunenC  of  cutting  force  as  functions  of  lip  radius 
for  two  values  ol  chipping  depth  in  dry  chalk.  (From  Koshorough 
' and  Kispin  1973a.) 
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Figure  50.  Ratio  of  force  components  as  a tunction  ot  tip 
radius,  with  chipping  depth  and  rake  angle  as  parameters. 

( From  smoothed  data  hy  Gray  / 963.) 
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/ igurc  51.  Ratio  of  lorcc  components  as  a func  lion  of  tip  radius  tor 
:.\o  value'  of  chipping  depth  in  dry  chalk.  (F rom  Ro\ borough  and 
kisnin  l9~Ja.) 
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/ ii/tirc  52,  Relation  of  normal  to  tangential  force  components  for  differ- 
ent values  of  tip  radius.  (Furumi,  persona!  communication.) 


Effect  of  tool  width  on  cuttin;>  forces 

In  some  ot  the  forenoinK  graphs,  cutting  forces  for  chiscl-cdgc  tools  arc  given  as  force  per  unit 
tool  width,  lollowing  the  practice  of  the  original  investigators.  This  is  often  convenient  for  analysis 
and  design,  and  it  is  a reasonably  valid  procedure  where  wide  tools  arc  concerned.  However,  it 
implies  simple  proportionality  between  cutting  force  and  tool  width,  and  this  is  not  strictly  correct, 
since  the  tool  has  to  overcome  both  Irontal  resistance  and  edge  resistance. 

Ihe  obvious  e.spectation  is  that  chisel-edge  tools  cutting  at  constant  depth  in  a given  material 
would  experience  force  proportional  to  widih.  plus  a constant  increment  of  torce  representing  side 
bre.iks  ,it  the  edges  ol  the  tools.  This  expectation  is  borne  out  by  the  experiments  of  Koxborough 
and  Kispin  ( 1 97  fa.  b)  and  ol  Koxborough  and  Tbillips  (I97S),  results  of  which  arc  illustiated  in 
I igures  S-f  and  sS.  In  these  graphs,  the  slope  ol  the  line  gives  Ihe  propoi tionalitv  const.int  relating 
direct  resistance  ,md  tool  width,  while  Ihe  force  intercept  lor  zero  tool  width  represents  the  edge 
forces,  lire  edge  force  is,  ol  course,  a lunclion  ol  the  chipping  depth  t',  and  the  proportionalitt 
constant  should  also  increase  with  w. 

Pointed  tools  (such  as  V-(ace  picks,  bullet  bits,  or  pyramid-tip  bits)  might  be  expected  to  develop 
cutting  forces  approximately  ei|ual  to  the  "/ero-width”  forces  of  chisel  edge  tools,  provided  that  tip 
r.idii,  r.ike  .ingles  ,md  relief  angles  arc  c(.)mparable,  and  that  side  .ingles  of  the  pointed  tool  provide 
clearance  from  the  overhreak. 

Tool  compliance  and  force  fluctuations 

Wfien  btiille  m.iteri.ils  .ire  being  cut.  discrete  chips  .ire  lormed,  and  consec|uentl\  the  cutting 
lorces  lluctuate  in  magnitude.  Ihe  amplitude  ot  these  force  fluctuations  depends  to  some  extent 
on  the  compli.ince  of  the  cutting  tool. 
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Figure  53.  /"J  and  as  a function  of  Stfr  for  four  different 
values  of  r and  two  different  values  of  ( From  smoothed 

data  by  Gray,  1963.) 


Although  effects  of  tool  compliance  do  not  appear  to  have  been  investigated  systematically  for 
'•  drag  bits,  some  general  principles  can  be  deduced.  If  a tool  is  perfectly  rigid  (i.e.  it  docs  not  deflect 

,■  under  load),  then  the  force  on  the  tool  will  drop  abruptly  each  time  the  rock  fails  locally  and  under 

• goes  large  displacement,  since  the  tool  speed  is  likely  to  be  two  orders  of  magnitude  lower  than  the 

speed  of  crack  propagation  in  the  rock.  By  contrast,  if  the  tool  has  large  clastic  compliance  (i.e. 
it  has  a low  modulus,  allowing  large  deflection  under  load),  then  it  is  capable  of  springing  forward 
and  maintaining  the  force  level  as  the  rock  yields.  However,  in  a real  machine  the  tool  compliance 
is  unlikely  to  be  great  enough  to  allow  the  tip  to  maintain  full  loaded  contact  at  large  chipping 
depths,  since  the  chip-forming  crack  is  likely  to  be  long  compared  with  the  clastic  deflection  of  the 
t-  tool. 
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' Figure  54.  Components  of  cutting  force  as  functions  of  too!  width  for  chisel-edge  tools  working  in 

wet  and  dry  chalk,  with  rake  angles  of  +30°  and -15°.  ( Roxhorough  and  Rispin  1973a,  b). 

* 

I In  principle,  compliance  mav  have  the  potential  lor  damping  out  force  fluctuations,  but  in 

. practice  the  response  time  of  a compliant  tool  is  likely  to  be  too  slow  for  high-speed  fracture  to  be 

followed.  A robust  tool  will  presumably  allow'  considerable  force  fluctuations,  but  it  is  likely  to  be 
resistant  to  deflection.  A highly  elastic  tool  may  tend  to  damp  force  fluctuations,  but  it  would  be 
more  prone  to  fatigue  failure  because  of  its  large  oscillations. 

An  interesting  case  of  very  high  compliance  is  represented  in  the  rotary  flail  principle,  which  has 
been  applied  to  the  cutting  of  rock  and  pavement  materials  {Furby  1970).  In  this  type  of  macliine 
the  fi.\ed  drag  bit  is  replaced  by  a pivoted  tine  whose  cutting  forces  are  controlled  by  the  rotation 
‘.peed  of  the  drum.  The  tine  is  capable  of  undergoing  large  displacements,  with  a restoring  force 
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b Normal  ComponerrT 


Figure  55.  Components  of  peak  tool  force  and  mean  too!  force  as  tunc  lions  of 
tool  width  in  wet  and  dry  sandstone.  (Moxhorough  and  Dhillips  1975.) 


Loruinuously  ^ipplied  by  radial  acceloratiniis,  and  llic  langenlial  tool  speed  is  likely  lo  be  an  order  of 
magnitude  higher  than  for  a fixed  tool. 

(.alibrated  records  giving  data  on  the  amplitude  and  frequency  of  force  fluctuations  are  not  often 
pubfislied,  except  as  brief  examples,  but  there  is  some  information  on  relative  magnitudes  of  mean 
and  peak  force  components.  Terminology  tends  to  vary  somewhat,  but  mean  force  is  usually  ob- 
lamed  by  integration  ot  the  area  under  the  trace,  while  mean  peak  torce  is  the  average  of  an  arbitrary 
number  of  arbitrarily  chosen  peak  values. 

fairhurst  (1955)  gave  records  for  soft  limestone  that  sliow  amplitude  decreasing  as  mean  and 
peak  force  levels  decrease,  with  total  amplitude  roughly  equal  to  the  mean  force  level.  Specimen 
test  records  published  by  Roxborough  (1969)  show  both  and  /,  dropping  almost  to  zero  at  some 
points,  presumably  after  chip  release,  so  that  total  amplitude  (range  from  maximum  to  minimum) 
was  almost  equal  to  peak  force.  By  contrast,  Wagner  (1 971)  gave  a record  foi  quartzite  that  showed 
maximum  amplitude  lor  fluctuations  an  order  of  magnitude  smaller  than  the  mean  force  with 
maximum  amplitude  lor  fluctuations  about  half  the  mean  force  7,.  Lvans  and  I’omeroy  ( 197.3) 
show  some  typical  records  for  coal-cutting  experiments,  also  showing  that  force  tluctuations  for  /„ 
have  much  smaller  amplitude  than  force  fluctuations  lor  f..  They  also  give  data  (see  I ig.  17)  that 
show  peak  values  of  f^  about  5 times  higher  than  mean  values.  In  tests  where  large  picks  were  used 
to  cut  sandstone  on  a mussive  test  rig,  Barker  (1964)  found  that  the  ratro  ol  peak  force  to  mearr 
force  for  two  different  pick  designs  had  average  values  ol  6.2  and  7.7  lor  and  4.7  and  6.2  lor  t 
Rrrxborrrugh  (1973),  discussing  cutting  tests  in  sandstone,  limesitme  and  anhv  dr  rte,  gave  values  Irtr 
tfre  peak  to  mean  ratio  ol  f,  that  ranged  from  1 .8  to  2.8,  and  suggested  2 as  a typical  value  that 
would  also  be  representative  for  cttal  cutting.  Data  from  a major  scries  ol  experintents  irr  wet  and 
dry  sandstone  by  Roxborough  and  Phillips  (1975)  conirrmed  that  a peak  to  mean  ratio  ol  2,  or 
perhaps  slightly  higher,  was  representative  for  both  7,  and  f„  (see  I ig.  23,  33,  55). 

In  considering  force  fluctuations,  data  records  should  perhaps  he  regarded  wrth  cautron,  since 
the  compliance  ol  the  dynamometer  used  in  the  experiments  can  affect  the  results  lire  results 
which  show  f,  fluctuating  much  more  than  f^  imply  that  the  ratio  7„//,  lluctuatcs,  rrt  that  the 
direction  nl  the  resultant  cutting  force  is  continually  fluctuating.  Ihey  contrast  wrilr  other  results 
that  give  in-phase  fluctuations  ot  7„  and  7,,  and  relative  constancy  ol  fp,  /,.  Such  drilerences  irl  be- 
havirrr  could  arise  from  dynamometer  characteristics,  or  they  could  represent  drilerences  ol  errm- 
pliance  in  different  directions  for  the  tool  or  its  mount. 
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f igurc  56.  Components  of  cutting  force  as  functions  of  cutting  speed.  (T corn 
Chamber  of  Mines  of  South  Africa  Research  Organization,  1971.) 


7he  frequency  of  force  fluctuations  ousht  to  be  determined  by  chip  length  and  tool  speed  w, 
it  the  length  ol  major  chips  is  of  the  same  order  of  magnitude  as  the  chipping  depth  V,  the  corre- 
sponding frequency  for  major  peaks  would  be  ol  the  order  of  w/k. 

I he  significance  of  mean  force  or  peak  force  in  machine  design  is  related  to  the  part  of  the 
system  under  consideration.  For  design  of  the  tools  or  their  mountings,  peak  forces  have  to  be  re- 
sisted, but  on  a multi-cutter  machine  the  power  requirements  and  overall  machine  forces  are  more 
likely  to  be  related  to  mean  forces. 

Effect  of  tool  speed  on  cutting  forces 

Most  investigators  agree  that  the  tangential  cutting  force  /,  is  unaffected  by  cutting  speed  over 
the  usual  range  of  variation  found  on  rock-cutting  machines.  This  insensitivity  to  speed  has  been 
noted  tor  the  range  1 to  1000  ft/min  (0.005  to  5 m/s)  (Gray  1T63,  Evans  and  Pomeroy  1973, 
Koxborough  1973,  Roxborough  and  Phillips  1975,  Valantin  et  al.  1964,  Chamber  ol  Mines  ol  South 
Africa  Research  Organization  1971,  Cook  et  al.  1968).  For  the  normal  component  of  cutting  lorcc 
/p,  Cirav  (1963)  found  some  increase  of  maximum  values  for  negative  rake  tools  when  speed  increased 
front  I 5 to  1 50  It, 'min  (0.075  to  0.75  m/s),  but  speculated  that  this  might  be  a vibration  effect  rather 
than  a reflection  ol  strain-rate  sensitivity  in  rock  strength.  Roxborough 's  (1973)  data  for  anhvdrite 
also  showed  a 25%  increase  in  the  mean  value  ol  f^  when  speed  increased  from  30  to  112  ft/min 
(0.1  5 to  0.57  m,s).  However,  in  tests  on  sandstone  b\  Roxborough  and  Phillips  (1975)  there  was  no 
signilicant  change  in  cither  the  mean  or  peak  values  ol  f,,  when  speed  was  raised  from  30  to  90  ft/ 
min  (0.15  to  0.45  m/s).  Low  speed  tests  b\  the  Minii.g  Research  Laboratory  of  the  South  African 
Chamber  of  Mines  (Fig.  56)  showed  a significant  incte.ise  ol  average  and  maximum  values  of  when 
speed  increased  from  6 to  41  ft;min  (0.01  to  0.21  m/s).  Results  bv  t ook  el  al.  (1968)  show  in- 
creasing significantly  with  speed  in  the  range  20  to  I 30  ft  'min  (0. 1 0 to  0.66  m 's),  as  can  be  seen  in 
I igures  57  and  58. 
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Figure  5 7.  Components  ol  cutting  ton  c (mean  peak) 
plotted  against  chipping  depth  for  three  different  cut- 
ting speeds  in  shaiy  quart/ite.  (Cook  et  ai.  I'lOS.) 


6000 

fn 

4000 

Ubf) 

2000 

0 


Cutting  Speed 
(in /sec) 


_L 1 1 1 1_ 

002  0 04  0 06 

-£  (in) 


Figure  58.  Components  of  cutting  force  (mean  peak) 
plotted  against  chipping  depth  for  three  different  speeds 
in  hard  pehhiv  quart/ite.  (Cook  et  at.  IhdS.j 
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The  insensitivity  of/,  to  tool  speed  suj;gests  that  apparent  rock  strenjtth  does  not  vary  much 
within  tlie  speed  ranges  that  have  heen  investigated.  It  also  indicates  that  inertial  lorces  related  to  ac- 
celeration ol  CLittitij's  up  to  velocity  u are  small  compared  with  cutting  loices.  I he  apparent  speed- 
dependence  ol  /„  that  has  been  lound  in  some  e.xperiments  could  be  related  to  tbe  dynamic  response 
characteristics  ol  the  tool  or  the  dynamometer,  but  even  so  this  dependence  could  appear  in  a work- 
ing machine.  The  implication  of  the  ellect  is  that  /„//,  could  increase  with  cutting  speed,  i.c.  the 
direction  of  the  resultant  cutting  force  could  incline  nearer  to  the  normal  direction. 

Effect  of  rock  properties  on  cutting  forces 

I he  efiect  of  rock  properties  on  cutting  forces  has  not  been  fully  established  by  experimental 
work.  The  simpler  theories  of  metal-cutting  and  rock-cutting  predict  direct  proportionality  between 
cutting  force  and  a single  strength  parameter,  such  as  shear  strength  or  tensile  strength.  The  more 
elaborate  rock-cutting  theories  also  make  cutting  force  proportional  to  shear  strength  or  tensile 
strength,  but  they  introduce  an  additional  property,  such  as  the  “angle  of  internal  friction"  or  the 
ratio  of  compressive  strength  to  tensile  strength. 

Roxborough  and  Pbillips  (1975)  made  strength  and  cutting  tests  on  sandstone  specimens  which  all 
came  from  the  same  gerrlogical  formation,  but  had  strengths  varying  by  about  a factor  of  5.  The  mean 
tangential  cutting  force  /,  was  compared  with  uniaxial  compressive  strength,  uniaxial  tensile  strength. 
Shore  rebound,  and  resistance  to  cone  indentation,  and  a linear  correlation  was  obtained  in  each 
case.  The  best  correlation  was  with  uniaxial  compressive  strength  (correlation  coefficient  0.92);  the 
straight  line  relation,  of  the  form  T,  =aa^+b,  had  a force  intercept  b that  was  very  small,  and  for 
practical  purposes  the  data  could  probably  be  represented  adequately  by  direct  propoi  tionality. 
However,  it  was  found  that  wetting  of  the  rock  gave  an  anomalous  effect,  in  that  strength  decreased 
and  cutting  force  increased  with  respect  to  values  for  the  dry  state.  This  last  effect  was  noted  for 
both  sandstone  and  chalk. 

In  studies  of  wedges  penetrating  coal,  Evans  and  Pomeroy  (1973)  found  that  results  for  different 
specimens  could  be  unified  by  normalizing  the  penetration  stress  with  respect  to  uniaxial  compres- 
sive strength.  They  also  found  a linear  correlation  between  the  mean  peak  value  of  7,  and  the  tensile 
strength  for  coal  (but  the  regression  line  implies  existence  of  appreciable  cutting  force  with  zero 
strength). 

Some  investigators  have  considered  the  effect  of  confining  stresses  on  cutting  forces.  Appl, 

Rowley  and  Bridwell  (1967)  gave  a theoretical  treatment  for  cutting  with  spherical  diamond  tools 
and  took  into  account  the  effect  of  confining  stress.  Their  numerical  results  show  tutting  forces 
increasing  steadily  with  confining  stress;  at  1 5,000  Ibf/in.^,  both  7,  and  7„  were  higher  than  the 
zero  confinement  values  by  almost  a factor  of  4.  Evans  and  Pomeroy  (1 973)  made  measurements 
in  laterally  confined  specimens  of  various  types  of  coal,  and  found  7,  tor  deep  cuts  increasing  with 
the  confining  pressure  up  to  about  500  Ibf/in.^  Above  500  Ibf/in.^,  7,  decreased  with  increasing 
pressure  for  some  types  of  coal.  At  small  cutting  depth  (0.1  in.)  the  confining  stress  did  not  appear 
to  have  much  effect.  Roxborough  and  Phillips  (1975)  measured  7,  and  7„  for  a range  of  lateral  con- 
fining stresses  up  to  20  MN/m^  (2900  Ibf/in.^),  but  found  no  significant  change  for  chipping  depths 
from  3 to  9 mm  (0.1  2 to  0.35  in.). 

Tool  interaction  and  kerf  spacing 

Tool  forces  will  obviously  var\  to  some  extent  with  the  transverse  spacing  of  adjacent  kerfs,  or 
cutting  tracks.  When  the  kerfs  arc  wide  apart,  each  tool  will  operate  independently,  and  tool 


46 


MECHANICS  OF  CUTTING  AND  BORING 


r 1 
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Figure  59.  Designation  ot  dimensions  for  discussion  of  too! 
spacing. 
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Figure  60.  Side  force  as  a function  of  too!  spacing  for  relieved  cutting. 

forces  will  be  the  same  as  for  a single  tool  making  unrelieved  cuts.  At  the  other  extreme,  when  there 
is  complete  overlap  of  kerfs,  a tool  following  in  the  wake  of  a preceding  tool  will  experience  zero 
force  if  there  is  no  provision  for  deepening  the  kerf.  Between  these  extremes,  tool  forces  will  vary 
with  the  degree  of  overlap  of  adjacent  kerfs,  decreasing  as  spacing  decreases. 

Transverse  spacing  of  tools  has  already  been  discussed  from  a geometrical  viewpoint  (Mellor  197.5, 
1976a),  but  it  remains  to  be  seen  how  tool  forces  vary  with  spacing.  Referring  to  Figure  59,  it  was 
previously  pointed  out  that  the  limit  of  interaction  is  the  situation  where  x = 0,  i.e.  where  (s-w)/k  - 
2 tan0,  where  0 is  the  overbreak  angle.  For  spacings  wider  than  this,  tool  forces  should  be  independ- 
ent ot  spacing,  while  at  smaller  spacings  the  tool  forces  should  decrease,  reaching  zero  at  s = 0.  Thus 
the  general  form  of  the  relationship  can  be  deduced,  as  in  Figure  60,  where  the  ratio  of  force  (f), 
at  spacing  s to  the  force  (f)^  at  infinite  spacing  is  plotted  against  (5-  w )/f.  With  overbreak  angles  in 
the  range  50°  to  70°,  the  range  of  values  for  2 tan0  is  approximately  2.5  to  5.5,  and  these  vakies 
would  be  the  limits  for  tool  interaction.  If  there  was  no  overbreak  at  all,  tool  interaction  would  not 
occur  until  s = w,  or  (s-w)/H  = 0. 

According  to  work  by  Valantin  et  al.  (1964),  the  upper  limit  of  spacing  for  tool  interaction  was 
(s-w)/k  = 1 . [.vans  (1972)  gave  data  obtained  by  Pomeroy  and  Robinson,  and  these  results  indicate 
that  interaction  was  just  beginning  to  occur  at  values  of  (s- w)/C  ranging  from  1 .5  to  4.1 . Data  by 
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Figure  61.  Components  of  cutting  force  as  functions  of  transverse 
spacing  for  two  types  of  picks  cutting  sandstone.  The  parameter  is 
chipping  depth  C.  (After  Barker  1964.) 


Rock 


0 Ton9«nttol  Componont  b.  Normol  Componpnt 

Figure  62.  Components  of  peak  cutting  force  and  mean  cutting  force  as  functions 
of  space  between  adjacent  parallel  too!  tracks  (wet  and  dry  sandstone).  (Roxborough 

and  Phillips  1975.) 
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0 Tonqsntiai  Component  b Normal  Component 

/ Dure  63.  Components  of  cutting  force  as  t unctions  of  spacing  between  ad/ucent 
parallel  too!  tracks,  with  chipping  depth  as  parameter.  (Roxhorough  and  RhUhps 

1975.) 


Barker  (1964)  4iow  f^  and  /„  varying  strongly  with 
spacing  (fig.  61 );  the  only  curves  reaching  a maxi- 
mum value  did  so  at  (s-vv)/k  - 3.75.  Roxborough 
(1973)  found  that  the  limit  of  interaction  occurred 
at  approximately  2 tan0  in  his  experiments,  where 
0 values  for  anhydrite,  limestone  and  sandstone 
were  52°,  70°  and  62°  respectively.  A similar  result 
(f  ig.  62,  63)  was  obtained  in  further  work  on 
sandstone  by  Roxborough  and  Phillips  (1975). 

Data  by  F urumi  (personal  communication  I ig.  64) 
indicate  the  limit  of  interaction  occurring  at  s/( 
values  of  approximately  4 to  5,  with  » values  prob- 
ably of  the  order  of  I . 

Lffcct  of  multiple  pass  cutting  on  tool  forces 

If  a deep  kerf,  or  groove,  is  cut  progressively  by 
repeated  tool  passes  along  the  same  track,  the  cutting 
forces  /,  and  f^  become  higher  at  each  pass,  even 
though  the  chipping  depth  is  the  same  for  each  pass. 
I'venlually  the  cutting  forces  reach  a limit  and  there- 
after remain  the  same  for  each  successive  pass. 
Limiting  values  might  be  reached  when  the  kerf 
depth  exceeds  the  kerf  width.  Data  for  groove  deepening  experiments  arc  given  by  Roxborough  and 
Phillips  (1975)  and  by  t.vansand  I’omeroy  (1973). 

Effect  of  tool  wear  on  cutting  forces 

Although  discussion  of  tool  wear  tends  to  occur  almost  as  an  alterthought,  it  could  well  he  the 
most  important  aspect  of  the  cutting  process  from  a practical  point  of  view.  The  results  of  both 
theoretical  and  experimental  studies  for  sharp  tools  can  be  modified  almost  beyond  recognition  when 
wear  is  accounted  for,  and  the  amount  of  wear  needed  to  bring  about  this  transformation  can  occur 
very  early  in  the  life  <rf  a typical  tool. 


(A)  Sondstone  IB>  Sandy  Tuff 


Figure  64.  fangentia!  component  of  cutting 
force  as  a function  of  spacing  for  fwo  rock 
types:  sandstone  and  sandy  tuff  (Furumi, 
persona!  communication.) 
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I I'gure  65.  Development  ot  typical  wear  flat,  show- 
ing "wear  angle.  " 


In  the  usual  modi'  ol  frictional  or  abrasive  wear,  a flat  develops  under  the  lip  of  the  fool  on  the 
relief  face,  or  flank.  The  wear  Hal,  or  “wear  land,”  is  almosl  parallel  lo  ihc  langenlial  direclion,  bul 
in  general  ii  inclines  slighily  in  ihe  onposile  direclion  lo  ihe  relief  face  (Tig.  65).  This  “wear  angle” 
is  typically  a few  degrees,  and  it  is  said  lo  be  smallest  with  the  hardest  and  strongest  tool  materials. 
Other  types  of  wear  patterns  can  occur,  especially  on  softer  tools  and  in  weaker  ground  materials; 
wear  can  take  place  on  both  the  relief  and  rake  surfaces,  producing  general  rounding  or  blunting 
ot  the  tool  lip.  Heavy  wear  can  lead  to  breakage  and  detachment  ol  hard  tip  materials  (Tig.  66). 

As  the  classic  wear  flat  develops,  both  f„  and  /,  have  lo  increase  in  order  to  maintain  constant 
chipping  depth  k.  In  general,  cutting  lorcc  f for  chisel-edge  tools  increases  nonlineaily  with  the 
width  of  the  wear  Hat  (I  ig.  67,  68);  the  relation  may  be  representable  by  a simple  function  of  the 
form  f = a\" , where  n is  a fractional  power.  In  some  cases  data  might  also  be  represented  approxi- 
mately  by  a straight  line,  possibly  one  that  has  an  intercept  on  the  lorce  axis  (I  ig.  69,  70,  71 ).  In 
the  case  of  a chisel-edge  tool  of  constant  width,  the  area  ot  the  wear  Hat  is  proportional  to  the 
width  of  the  weai  flat. 

The  normal  component  of  cutting  force  always  increases  more  rapidly  than  the  tangential 
component  and  the  ratio  f„,7,  attains  values  greater  than  unity  alter  only  small  amounts  of  wear 
(I  ig.  72,  7.^).  Under  experimental  conditions,  it  appears  that  development  of  wear  flats  less  than 
I mm  wide  is  sufficient  to  make  fjf^  > 1 . 

I igurc  7‘f  shows  the  increase  ol  /,  with  the  breadth  of  a flat  that  is  normal  to  the  rake  face  (cf. 

Ihe  blunt  wedge  of  I vans'  theory  Tig.  8).  The  trend  is  similar  lo  that  observed  lor  the  classic 
wear  Hat. 

Ihe  width  or  area  of  the  wear  flat,  and  hence  the  force  components,  must  obviously  increase  with 
the  distance  / traveled  by  the  tool.  I igure  75  gives  a direct  example  ol  variation  of  7,  with  L,  while 
I igure  76  illustrates  how  f„/7,  can  increase  with  /..  In  experimental  studies  it  is  more  usual  lo  relate 
tool  forces  with  wear  flat  dimension,  treating  the  dependence  of  wear  dimensions  on  other  variables 
separately,  as  discussed  below. 
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Figure  66.  Progressive  development  of  wear  in  a rock-cutting  drag  bit.  (Photo  courtesy  of 
O.  Fourmaintraux,  l.ahoratoire  Central  des  Pouts  et  Chaussees,  Paris.) 
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Figure  67.  Components  of  cutting  force  as  func 
tions  of  wear  fiat  length  for  a chisel  edge  tool. 
(Roxhorough  and  Phillips  197‘s.) 


Figure  6S.  Components  of  cutting  loree  as 
functions  ot  u ear  fiat  length,  with  chipping 
depth  as  paiamelcr.  (f  rom  Chamber  ot  Mines 
ol  South  Africa  Research  Organization  ibi’i .) 
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Figure  69.  Components  of  cutting  force  as  functions  of 
wear  flat  length  for  a chisel  edge  tool.  (Fairhurst  1955.) 
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f igure  7T  Increase  uf  mean  force 
components  with  wear  fiat  width. 
(After  Kenny  and  johnson  1976.) 


T 1 1 T 


_J 1 I I 

2 3 4 5 

Wear  Flat  (mm) 


Figure  72.  Ratio  as  a 
function  of  wear  flat  length. 
(Rox borough  and  Phillips 
1975.) 
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Figure  73.  Plot  of  f^  against 
f^  showing  effects  of  chip- 
ping depth  t and  wear  flat 
length.  (Valantin  et  al.  1964.) 
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Figure  74.  Tangential  component  of  mean  peak  cut- 
ting force  at;  a function  of  wear  flat  width  for  a flat 
that  is  normal  to  the  tool's  rake  face.  (Lvans  and 
Fnmeroi'  1973.! 


L Distance  Cut  (m) 


f igure  75,  tangential  component  of  cutting  force  as  a function  of 
distance  traveled  for  a chisel-edge  too!  in  two  different  orientations 
(^2  constant;  /j,  changed).  (Valantin  et  al.  1964.) 
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Fiqure  76.  plotted  against  /”,  for  various 
travel  distances.  This  shows  the  increase  in 
the  ratio  1^,'f^  as  wear  progresses.  (Vaiantin 
etal.  1964.) 


Development  of  wear 

I here  is  no  standard  meltiod  of  measuring  and 
reporting  tool  wear,  and  it  has  been  given  in  terms 
of  weight  loss,  width  ol  wear  flat,  area  of  wear  Hal, 
and  decrease  of  gauge  length  Ah.  for  a chisel-edge 
tool  of  uniform  cross  section,  which  is  the  typical 
geometry  for  experimental  work,  these  different 
measures  can  be  interrelated  as  follows;* 

Width  of  wear  flat  = Ah  (cot/Sj-lanjJ^ ) 

Area  of  wear  flat  = wAh  (cot  f*''!  f^t ) 

Volume  loss  = Viw[Ah)'^  (col  (32"  fati  ) 

Weight  loss  = Vm(Ah)'^  (cot /32  - tan /3,  jy-p 
where  7j  is  unit  weight  of  the  tool  material. 

The  width  of  the  wear  flat  on  a chisel-edge  tool 
increases  nonlinearly  with  distance  traveled  /., 
approximately  as  L"' , where  w is  a f ractional 
power  (Fig.  77-82).  After  an  initial  stage  of  rapid 
wear,  the  weight  loss,  or  volume  loss,  increases 
almost  linearly  with  L (Fig.  79,  82,  83,  84,  85),  and 
since  weight  loss  for  a chisel  edge  is  proportional 
to  the  square  of  the  wear  flat  width,  there  is  an 
implication  that  the  power  m is  approximately  '/>, 
or  perhaps  somewhat  lower.  This  is  in  agreement 
with  the  wedge  penetration  results  of  Fvans  and 
Pomeroy  (1973),  which  showed  penetration  force 
proportional  to  the  square  root  of  wear  land  width. 


Figures  86  and  87  show  a remarkable  effect  that 
should  be  of  great  practical  signif  icance:  the  volume 
loss,  or  weight  loss,  from  the  cutting  edge  actually 
decreases  significantly  with  increase  of  chipping  depth  fl.  This  implies  that  the  ratio  of  wear  volume 
to  volume  of  cut  rock  decreases  even  more  dramatically  as  S!  increases. 

A detailed  study  of  tool  wear  was  made  by  Kenny  and  Johnson  (1976).  In  brief,  they  found 
that  the  volumetric  wear  rate  at  the  cutting  edge  was  a)  independent  of  /f.,  and  Jfj.  atitl  of  wear  flat 
width,  b)  proportional  to  L (after  the  initial  stage),  and  to  w,  c)  inversely  related  to  k and  to  tool 
hardness. 


Wear  rates  can  be  expected  to  increase  with  tool  speed  when  other  factors  remain  unchanged, 
since  the  hardness  of  the  tool  material  decreases  with  increasing  temperature,  and  increased  cutting 
speed  almost  invariably  raises  the  temperature  of  the  tool  tip. 

a\  great  deal  ol  nonsense  has  been  talked  about  "self-sharpening  tools.”  It  is  an  incredible  fact 
that  many  rock-cutting  tools,  especially  bullet  bits,  arc  set  with  an  apparent  relief  angle  of  zero, 
which  means  negative  relief  for  finite  feed  rale.  The  best  that  a rigidly  mounted  tool  can  do  is 
grind  itself  so  as  to  maintain  zero  "kinematic”  relief  angle. 


* Wear  flat  area  is  related  geometrically  to  Ah  lor  a variety  of  tool  types  by  Linenko  (1972). 
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b.  Complete  plot  covering  several  hundred  meters  of  travel. 

Figure  77.  Hear  flat  length  as  a function  of  distance  traveled  by  the  tool, 
for  three  different  grades  of  tungsten  carbide  working  in  sandstone  (CPM- 
3. 5 pm  grain  size,  15%  cobalt;  CM-3. 5 pm  grain  size,  1 0%  cobalt;  CH-3. 5 
pm  grain  size,  7%  cobalt.  (Roxborough  and  Phillips  1975.) 
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Figure  78.  Wear  flat  length  as  a function  of  distance  traveled 
by  the  tool.  (Fairhurst  1955.) 
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Figure  79.  Development  of  wear  with  distance 
traveled  by  a too!  steel  cutter  = 30°  J.  (After 

Kenny  and  Johnson  1976.) 


Figure  80.  Wear  fiat  width  as  a function  of  distance 
traveled  for  three  types  of  too!  tips.  (After  Kenny 
and  Johnson  1976.) 
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/ igure  81.  Hear  flat  length  and  normal  component  of  cutting  force  as  functions  of 
distance  traveled  for  t\co  too!  widths.  Note  that  wear  flat  length  is  independent  of 
too!  width  w,  whde  f is  a function  of  w (or  of  wear  flat  area).  (After  Kenny  and 

lohnsoti  1976.) 


! igure  82.  Hear  Hat  width  and  volume  loss  as  functions  of  distance  traveled  for  various  too! 
angles.  (After  Kenny  and  Johnson  1976.) 
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u.  Enlargement  of  plot  for  first  2 m. 
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h'igure  85.  Tip  wear  (measured  in  the  normal  dir- 
ection) as  a function  of  distance  traveled,  for  three 
different  rake  angles.  ( Valantin  et  of  1 964.) 
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f igurc  86.  Volume  loss  from  cutting  edge  as  a function  of  chipping  depth 
for  various  toot  angles  and  different  stages  of  wear.  (After  Kenny  and  john- 
son  1976.) 
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/ iqure  H7.  Volume  loss  Irom  cuUhiq  edqe  as  a Umi  Hon  o!  chip- 
ping depth  {or  carbide  (lull  line,  lelt  scale)  and  tool  steel  (dashed 
line,  right  scale).  (After  Kenny  and  Johnson  1976.) 


ENtRGLTICS  OF  CUTTING 

Encrtjctics  of  parjllel-motion  tools 

Since  problems  involving  tool  lorces  on  rock-enuint;  machines  can  be  so  complicatetl,  it  is  olten 
convenient  to  bypass  the  complexities  and  the  unknowns  by  considering  the  overall  energetics  ol 
the  culling  process.  This  approach  is  particularly  uselul  loi  making  estimates  ol  average  tool  lorces 
Irom  simple  lield  measurements  ol  machine  perlormance,  as  well  as  l<jr  assessing  power  requirements. 

I he  energy  IT  expended  by  a cutting  loitl  in  any  given  operation  is,  in  simple  terms,  the  cutting 
lorce  nurltiplied  hy  the  distance  through  which  the  lorce  moves.  More  precisely,  it  is  the  prnducl 
ol  lorce  and  displacement  integrated  through  the  operation: 

It  fl„d\  I flydy*ff/l/  (-H)) 

where  I I , are  the  varying  time-dependent  lorce  components  in  orthogonal  directions  \ , \ \/. 

In  the  case  of  a simple  parallel  motion  tool  cutting  to  constant  depth  V,  the  work  done  only  involves 
moving  the  mean  tangential  component  ol  cutting  force  /,  through  a distance  L,  and  it  is  simply 

IT  ■=/;/.  HI) 

where  l\  is  a mean  value  taken  over  nurnerrsus  individual  dripping  seriirences. 

Ihe  results  ol  the  wor  k done  hy  the  tool  can  be  expressed  in  terms  of  the  mass  or  vokrme  ol 
material  that  has  heen  cut.  In  the  case  ol  a parallel-motion  tool  that  moves  a distance  / at  constant 
chipping  depth  f,  the  mass  .1/  and  volume  Tare 
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r - WU|,  - ,l/  p (32) 

wlictc  is  Uk'  iiu.mii  kcrl  ssiitlh  ami  p is  ihe  m-placc  di'iisilv  ol  llu'  mjtcri.il  that  has  been  tut. 

Some  ol  the  work  done  l>>  llie  tool  is  espended  in  impailiny  kinetic  etieinv  'o  the  uittings,  but 
even  at  the  liit;fiesl  tool  speeds  used  in  lock  cuttinf;  this  is  an  insiynilicanllv  small  (uopoi  lion  ol  the 
total  energy  input 

In  order  to  ch,ir.icleti/e  the  el lecliveness  ol  ililleieni  culling  processes  in  a given  malerial,  oi 
altei  natively  to  characleri/e  the  behavior  ol  various  maleiials  undei  Ihe  action  ol  a paiticul.ii  culling 
process,  the  work  done  bv  llie  tool  can  be  related  to  the  culling  production.  I he  energv  expended 
bv  the  tool  in  producing  uriil  mass  or  unit  volume  ol  cutting  delines  a specilic  energy  / 

It  7.1/ 


or 


/-s  ll'/l.  (.?3) 

• Xlthough  piotiuclion  is  ollen  measured  in  terms  ol  mass,  deliiiilion  ol  specilic  energy  in  terms  ol 
energy  per  unit  volume  is  preleiable  lor  most  analvlical  purposes,  especially  as  it  h.is  the  dimensions 
ol  a stress.  1 he  reciprocal  ol  specilic  energy  is  sometimes  used  as  an  index  ol  energetic  elliciencv ; 
the  term  used  lor  this  c|ujntity  is  "energy  el lectiveness."  l or  a simple  parallel  motion  tool  that 
moves  a distance  L at  constant  depth  t : 


^ 1£  - _]t;_  - ^ _'t_ 

I ‘ V/ u ^ pi  i,vV|^  ■ 


(.34) 


Specific  energy  tan  also  be  delincd  in  terms  oi  the  time  derivatives  of  energy  and  volume,  i.e. 
in  terms  ol  the  cure's  at  which  energy  is  consumed  and  cuttings  are  produced: 


dW;<Jt  _ It'  ^ P 
d\'dt  i'  i 


(35) 


where  P is  power  consumption.  Tor  many  practical  purposes  this  alternative  is  preferable,  since  the 
tool's  rate  of  energy  consumption  tan  be  measured  by  the  power  supplied,  and  volumetric  cutting 
rate  is  given  by  tool  velocity  and  kerf  cross  section,  t or  a parallel-motion  tool  cutting  a constant 
depth  k: 


i 

* V frrvvj^  '■t'"  t(  f"i( 

When  /-5  is  expressed  .is  ft',  T or  PiV  it  has  the  dimensions  of  stress,  and  Irom  eq  34  and  36  it 
can  be  seen  that  fora  parallel  motion  tool  this  could  be  interpreted  physically  as  mean  tangential 
tool  force  divided  by  the  kerl  cross  section  which  lies  normal  to  that  force.’*  When  geometrically 


In  analytical  work  on  metal-cutting  machine  tools,  tor  orthogonal  cutting  is  sometimes  relent'd 
to  as  the  "specific  cutting  pressure." 
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Figure  88.  Specific  energy  for  drag  bit  cutting  plotted  against  uniasial  compres- 
sive strength.  The  lines  drawn  across  the  plot  denote  fixed  values  of  the  ratio 

Es/^'c- 


similar  chips  are  being  sheared  or  split  ahead  of  the  tool  tip,  it  would  seem  that  the  stress  represented 
by  fj  could  be  directly  proportional  to  the  shear  stress  or  tensile  stress  required  to  lorm  chips.  What- 
ever the  physical  significance  of  t j in  terms  of  stress,  there  has  been  a longstanding  empirical  practice 
of  normalizing  with  respect  to  the  uniaxial  compressive  strength  of  the  material  in  order  to  ob- 
tain a dimensionless  performance  index  for  a particular  type  of  tool  or  cutting  process.  In  view  ot 
the  foregoing  comments,  this  is  not  too  unreasonable,  since  the  uniaxial  compression  test  is  a stand- 
ard procedure  that  applies  normal  force  to  a cross  section  so  as  to  fragment  the  specimen  b\  loim- 
ing  internal  tensile  cracks  and  finally  shearing  across  surfaces  that  arc  not  parallel  to  the  applied 
force.  A more  formal  justification  of  this  normalizing  procedure  has  been  given  elsewhere  (.Mclloi 
1972). 

f igure  88  gives  some  ranges  of  values  of  specific  energy  that  have  been  obtained  in  laboratorc 
experiments  with  drag  bits.  1 he  ranges  for  each  type  of  rock,  frozen  soil  or  ice  represent  results  lor 
different  types  of  tools  and  varying  operating  conditions,  ffowever,  being  plotted  against  uniaxial 
compressive  strength  they  do  give  order  of  magnitude  indications  of  the  dimensionless  index  f-j  <'(.. 
For  friable  brittle  materials  that  are  acted  on  by  effectively  applied  tools,  it  appears  that  / is  of 
the  order  of  0.1  or  less.  There  is  some  indication  that  for  tougher  or  more  ductile  materials,  T^ 
may  be  somewhat  higher,  say  between  0.1  and  1 .0.  (The  effect  of  rock  properties  on  E^  is  discussed 
further  in  a subsequent  section  sec  p.  7 1 .) 
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II  llu-  spctilic  cMi'rsv  <>•  J iJrag  bit  in  a certain  ruck  is  known  or  can  be  estimated,  and  if  it  is  as- 
sumed that  /-j  is  not  stron^jly  dependent  on  cutting  speed,  then  the  mean  tangential  cutting  force  f, 
can  be  estimated  lioni  the  power  consumption  and  the  tool's  “excavation  rate”  I/,  in  accordance 
with  ec|  33. 

It  might  be  noted  in  passing  that  tool  speed  and  tangential  tool  force  are  inversely  proportional 
when  power  is  constant  so  that,  for  a given  machine  operating  at  constant  power,  the  mean  tool 
lorce  decreases  as  the  tool  speed  increases.  I or  machines  overall,  there  is  a corresponding  tendency 
for  tool  force  to  decrease  with  tool  speed,  since  available  power  tends  to  stay  within  narrower 
limits  than  does  tool  speed  when  all  types  o(  devices  are  considered. 

Ihe  mean  kerf  width  w-  that  occurs  in  eq  32,  34  and  36  can  be  expressed  in  'erms  of  actual  tool 
width  vv,  chipping  depth  k,  and  overbreak  angle  0,  as  can  be  seen  from  Figure  59: 


w = w + ktanO. 


(37) 


Substituting  f(’r  w'  in  eq  36  then  gives 


* k(vv-rlitan0) 


(38) 


in  which  Un0  might  be  in  the  range  1 to  3 for  typical  rocks  and  typical  cutting  conditions.  Actually, 
the  idea  that  0 is  invariant  with  t seems  questionable. 


Variation  of  specific  energy  with  chipping  depth 
for  a single  tool 

Experimental  data  usually  show  the  specific  energy 
for  a single  tool  decreasing  as  chipping  depth  increases, 
but  tending  to  some  lower  limit  (Eig.  89-94).  However, 
some  data  for  “deep”  cutting  suggest  that  specific  energy 
reaches  a minimum  value  and  then  begins  to  increase 
again  as  chipping  depth  is  further  increased  (Fig.  93). 

In  assessing  these  trends,  it  is  interesting  to  recall  that 


-£  (mm ) 

n^ure  89.  Specific  energy  as  a function 
of  chipping  depth  for  wet  and  dry  sand- 
stone. (Roxborough  and  Phillips  1975.) 


E 


s 


^ 

k^(w7k  + tan0) 


(39) 


and  that  the  empirical  relationship  between  /,  and  k is 
representable  approximately  by 


f,  =/?k"  (40) 

where  is  a proportionality  constant  and  n < \ . Thus 

E — ^ (41) 

’ k^‘"(rv/k  + tan0) 
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/'.  Similar  too!  in  Umastone  and  sand^iona. 

hiyurc  90.  Spccitk  cnciy}  plotted  uyain\t 
ehippiny  depth,  f l\o\l>orouyli  /".  I.) 


f iqurc  91.  Specilic  energy  as  a ftincUon  ol  chipping  depth  lor  three 
rock  types.  (I  ururnt,  personal  conimunic  at  ion.) 
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Hgure  92.  Specific  energy  as  a lunc  tiun  of 
chipping  depth  for  four  different  materials. 
(Whittaker  and  S/’wilski  1973.) 


Width  (w  ) 

20mm 

35  mm 


a.  Wet  Chalk  b Dry  Cholk 

Figure  93.  Specific  energy  as  a function  of  chipping  depth  for  six  dif- 
ferent tools  working  in  wet  and  dry  chalk.  (Roxborough  and  Rispin 

1973a,  b.) 
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Figure  94.  Specific  energy  plotted  against 
chipping  depth  tor  two  different  tools  in 
wet  and  dry  chalk.  (Roxborough  and  Ris- 
pin 1973a.) 
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Figure  95.  Specific  energy  as  a function  ot 
rake  angle  for  chisel  edge  tools  in  wet  and 
dry  sandstone.  (Roxborough  and  Rhiitips 
1975.) 


Figure  96.  Specific  energy  as  a function  of  rake  angle  for  two 
types  of  coat.  (FvanS  and  Fomeroy  1973.) 


With  w' A tari(>,  this  implies  that  is  approximately  pioportional  to  t,’"‘ while  with  W'A  << 

tanO,  is  approximately  proportional  to  I’"'*,  assuming  in  both  cases  that  0 is  invariant  with  t, 

Ihe  lirst  case  represents  two-dimensional  cutting,  for  which  n is  probably  fractional,  while  the 
second  case  represents  “deep,”  or  three-dimensional,  cutting  for  which  n seems  to  be  close  to  unity. 
In  both  cases  there  is  an  approximation  to  inverse  proportionality  between  F^  and  f.  The  observed 
minimum  in  ^ tor  some  deep  cutting  experiments  could  be  explained  by  a decrease  in  the  effec- 
tive value  of  0 as  f:  increases.  The  latter  might  well  occur,  judging  by  the  results  of  Roxborough  and 
Phillips  (1975)  for  kerf  deepening  experiments,  in  which  V was  increased  by  multiple  tool  passes, 
making  the  effective  value  of  0 decrease  with  increase  of  k. 

Effect  of  rake  angle  on  specific  energy 

The  rake  angle  of  a tool  affects  the  cutting  force,  but  it  does  not  directly  allect  the  volume  of 
material  cut  out  hy  the  tool.  Hence,  specific  energy  ought  to  vary  with  rake  angle  in  exactly  thi 
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f igure  97.  Variation  ot  specific  energy  with  side  ilgure  98.  Specific  energy  as  a function  of 

rakes  for  a symmetrical  (M-face)  tool,  with  chipping  side  rake  for  a too!  with  one-way  side  rake, 

depth  as  parameter.  Unrelieved  cutting  in  sandstone.  The  graphs  show  the  effect  of  distance  from 
( Roxborough  and  I’hillips  1975.)  a parallel  relieving  kerf.  ( Roxborough  and 

Phillips  1975.) 


same  way  as  the  mean  tangential  cutting  force  varies.  In  other  words,  for  an  unworn  tool  cutting 
deeply  (H  '■  r),  specific  energy  ought  to  decrease  as  the  rake  angle  increases,  tending  to  a lower  limit 
as  the  rake  angle  reaches  +20°  to  +30°  (see  p.  32). 

figures  95  and  96  give  direct  examples  of  the  variation  of  with  rake  angle  . 

Effect  of  relief  angle  on  specific  energy 

The  relief  angle  ol  the  tool  affects  the  mean  tangential  cutting  force  6,,  but  not  the  volume  ol 
material  that  is  cut.  thus  specific  energy  E^  ought  to  vary  with  relief  angle  i'l  exactly  the  same 
wav  as  7,  varies  with  (32.  This  means  that  f^  should  be  constant  for  values  of  the  “dynamic  relief 
angle  greater  than  about  5'’,  hut  it  can  be  expected  to  increase  sharply  after  the  dynamic  relief  angle 
drops  below  5°  rrr  so.  It  should  be  recalled  that  “dynamic”  relief  angle  is  the  difference  between 
actual  trrol  rebel  angle  .tnd  the  “kinem.itic"  relie'  angle  needed  to  prevent  scraping  of  the  tool  flank 
(i.e.  the  m.rxinutm  angle  given  h\  the  tool  trajectory). 

Effect  of  side  rake  on  specific  energy 

With  symmetrical  side  rakes,  as  on  a V-face  pick,  the  mean  tangential  cutting  force  7,  decreases 
linearly  with  increase  ol  the  side  rake  angles  (see  I ig.  44).  However,  according  to  experiments 
on  s.rndstone  by  Roxborough  and  I’hillips  (1975),  the  kerl  critss  section,  or  mean  kerf  width  w, 
alsrr  decte.rses  with  iricrease  of  the  side  rakes  and  the  net  ellect  for  unrelieved  cutting  is  that 
specilic  energy /.^  increases  with  increasing  values  ol  da  (I  'K- 

With  one-w.ty  side  r.tke  and  unrelieved  cutting  there  is  no  significant  variation  of  E^  with  da  over 
the  practical  range  of  da-  However,  when  the  ttHrl  is  traveling  parallel  to  an  existing  kerf,  there  is  a 
small  hut  signilicant  decrease  in  as  da  increases,  fhe  variation  of  7^  with  da  becomes  more  pro- 
nounced as  the  sp.icing  between  the  tool  and  fhe  relieving  kerf  decreases  (Tig.  98).  fhe  absolute 
v.rlues  ol  / j for  posit. .e  side  rake  (i.e.  plowing  towards  the  rebel)  are  lowest  for  offsets  in  the  range 
I is-w),\  ■ 3. 
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higure  101.  Idealized 
kerf  cross  sections,  show- 
ing area  for  different  base 
angles  and  different  chip- 
ping depths.  (After 
Roxborough  and  Phillips 
1975.) 
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Effect  of  base  angle  or  face  profile  on  specific  energy 

As  the  base  angle  fig  ol  a symmetrical  cutting  tool  increases,  the  specific  energy  increases  (I  ig.  99, 
100).  Although  the  mean  tangential  cutting  force  decreases  with  increase  ol  fie  ^ 'g.  47),  the 
kert  cross  section  decreases,  and  the  net  efiect  is  an  increase  of  / 

It  is  not  altogether  clear  why  specific  energy  does  not  tend  to  a steady  value  when  the  half-angle 
ol  the  V-base  drops  below  the  overbreak  angle  (fi  (i.e.  when  fig  • n’/2-0),  since  7,  stabilizes  in  this 
range  and  the  area  ol  the  kerl  cross  section  A should  also  stabilize  if  0 is  a constant.  As  a matter  of 
interest,  the  kerf  area  /1|^  is  given  by  the  following  relations  for  various  cutting  situations  (I  ig.  101 ), 
following  Roxborough  and  Phillips  (1975): 

a.  Blunt-base  tool  chipping  to  shallow  depth 
fig  < (n/2-0)i  V < l/.ovtanfig 
A^~  k^/tan^g 


b.  Blunt-base  tool  chipping  deeply 

< (77/2-0);  C > K>w'tan|3g 

= (w/2)^tanf3g  + (fe-'/>vvtan^g)^tan0 

c.  Sharp  V-base  tool  chipping  to  shallow  depth 

Pq  > (77/2-0);  t < /iwtanflg 

A|^  = V^lan0 

d.  Sharp  V-base  tool  chipping  deeply 

fjg  > (77/2-0);  f!  :•  /iW'tani3g 

z1|^  = If^  tan0. 

If  z1|<  continues  to  decrease  with  increase  of  (3g  when  0g  > (77/2-0),  then  there  is  an  implication  that 
the  tool  tip  is  partly  embedded  as  shown  in  Figure  fOle. 

Available  data  for  variation  of  with  the  radius  of  curvature  of  the  face  profile  show  a some- 
what different  trend  (Fig.  102).  These  results  from  coal-cutting  experiments  suggest  that  E^  may 
have  a minimunt  value  with  a base  radius  of  approximately  0.07  in. 

Effect  of  tip  radius  on  specific  energy 

Tool  tip  radius  c is  another  parameter  that  affects  only  the  tool  force,  so  that  specific  energy  ought 
to  vary  with  tip  radius  in  the  same  way  as  varies  with  r.  Thus  E^  may  be  expected  to  increase  non- 
linearly  with  r,  tending  progressive!)  towards  a limit  when  r becomes  greater  than  the  chipping  depth 
t (see  p.  36).  Figure  103  gives  a direct  example  of  the  variation  of  E^  with  z,  although  in  this  case  r 
never  approaches  the  same  magnitude  as  V (cf.  Fig.  49,  which  gives  the  corresponding  relation  be- 
tween 7,  and  r). 
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/ i(jure  / 02.  Spec  Hie  energy  uj 
a lum  tiuii  at  base  radius  for 
three  types  of  ( oal.  (Uvans  and 
l‘omeruy  1973.) 


r,  Tip  Radius  (mm) 


Figure  103.  Specific  energy  as  a func- 
tion of  too!  tip  radius  for  two  chipping 
depths  in  chalk.  (Roxborough  and  Ris- 
pin  1973a.) 


Effect  of  tool  width  on  specific  energy 

fool  width  affects  both  the  mean  tangential  cutting  force  f,  and  the  excavated  cross  section. 

Tool  force  varies  linearly  with  tool  width  iv,  the  relationship  being  of  the  lorm 

T^=aQra^w  = fQ(V)  + f^{^]w  (T2) 

where  «g  and  u,  are  depth-dependent  constants.  The  effective  kerf  width  iv  is  often  taken  as 

w = vv+Htan0  (43) 


assuming  that  <f>  is  invariant  with  t over  the  range  of  interest.  If  these  relations  are  accepted,  the 
specific  energy  can  be  expressed  as 


’ K(»v  + ttan0) 


(44) 


'A  ith  ■.■instant  chipping  depth  Y,  and  with  overbreak  angle  0 either  constant  or  some  I unction  of  t, 
' iiiooship  In'- 1 ^ is  ol  the  form 
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L 


Uq'^O'^W 

bQ^byW 


(45) 


where  6g  and  6,  are  constants.  Ihus  could  in- 
crease with  w,  decrease  with  w,  or  remain  almost  in- 
dependent of  w,  depending  on  the  relative  values  of 
the  constants  Uq,  a, , /)q,  6-1 . Figure  104  gives  an 
example  of  experimental  data  that  show  varying 
trnly  slightly  with  w.  This  is  not  too  surprising, 
since  /,  is  likely  to  vary  in  direct  response  to  changes 
in  w,  i.e,  7,  may  be  directly  proportional  to  w. 

Effect  of  tool  speed  on  specific  energy 

As  lar  as  is  currently  known,  tool  speed  u does 
not  significantly  alter  the  effective  kerf  width  when 
the  cutting  process  involves  only  brittle  fracture. 
Furthermore,  it  appears  that  tool  speed  has  no  sig- 
nil leant  effect  on  the  mean  tangential  cutting  force 
7,  over  the  range  of  speeds  applicable  to  rock-cutting 
machines  (see  p.  43).  Thus  there  is  no  reason  to 
expect  that  the  specific  energy  f ^ will  vary  with  tool 
speed  as  long  as  there  is  no  question  of  ductile  yielding,  or  of  ductile/brittle  transition,  in  the  cutting 
process.  The  kinetic  energy  imparted  to  the  cutting  docs  increase  with  for  wide  tools,  but  this 
appears  to  be  insignificant  in  typical  rock-cutting  conditions.* 

Variation  of  specific  energy  with  rock  properties 

The  mean  tangential  cutting  force  7,  increases  almost  linearly  with  rock  strength;  to  a first  ap- 
proximation, 7,  is  directly  proportional  to  uniaxial  compressive  strength  o^,  which  is  often  the  only 
known  strength  parameter.  However,  according  to  theory  there  might  be  a better  overall  correlation 
with  tensile  strength.  If  this  is  so,  the  expression  for  7,  could  be  written  as 

J^^koJR  (46) 

where  /k  is  a proportionality  constant  and  R is  the  ratio  of  uniaxial  compressive  strength  to  uniaxial 
tensile  strength. 

The  mean  kerf  width  w also  depends  on  rock  properties,  in  that  the  overbreak  angle  0 for  any 
given  depth  of  cut  is  a variable; 


f igure  / 04.  Specific  energy  plotted  against 
too!  width  ( wet  and  dry  sandstone).  (Rox- 
borough  and  Phillips  1975.) 


w ~ w + Vun<p.  (47) 

For  very  brittle  or  friable  materials,  0 is  expected  to  be  relatively  large  at  moderate  chipping  depth, 
whereas  for  ductile  materials  0 is  likely  to  be  small. 


* The  situation  is  very  different  with  wood-cutting  machines,  which  can  have  tool  speeds  above 
20,000  ft/min  (.-  100  m/s). 
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Figure  1 05.  Specific  energy  as  a Figure  1 06.  Specific  energy  plotted  against  lateral  cun- 

function  of  tensile  strength.  (Whit-  fining  stress  for  three  values  of  chipping  depth  in  sand- 

taker  and  S/wiiski  1973.)  stone.  (Roxborough  and  Phillips  1975.) 


The  net  effect  of  rock  properties  on  specific  energy  can  perhaps  be  deduced  from  the  relation 


- Jx  _ 

® iv  t!{rv+?tan0) 


(48) 


Applying  the  foregoing  arguments  to  this  relation,  can  be  expected  to  increase  as  R decreases  and 
as  0 decreases.  Otherwise,  E^  will  be  directly  proportional  to  compressive  strength.  The  data  sum- 
marized in  figure  88  are  consistent  with  this  supposition  (the  rather  skimpy  data  ol  figure  105  are 
not  quite  in  agreement). 

When  the  rock  to  be  cut  is  at  considerable  depth,  as  in  a tunnel,  a mine,  or  a borehole,  the  confin- 
ing stress  might  be  expected  to  increase  the  cutting  forces,  and  hence  the  specific  energy,  since  the 
relevant  cutting  theories  usually  assume  failure  in  accordance  with  the  Coulomb-Mohr  criterion.  This 
has  been  discussed  earlier  (see  p.  45).  However,  Roxborough  and  Phillips  (1975)  have  shown  experi- 
mentally (Fig.  106)  that  the  effect  of  confinement  on  E^  is  insignificant  in  sandstone  subjected  to 
confining  stresses  up  to  20  MN/m’  (2900  Ibf/in.^ ). 


Effect  of  kerf  spacing  on  specific  energy 

When  tools  are  spaced  so  that  adjacent  parallel  kerfs  are  very  wide  apart,  there  is  no  interaction 
between  tools,  and  specific  energy  E^  does  not  vary  with  spacing.  As  adjacent  kerfs  are  set  closer 
together,  a stage  :s  reached  at  which  a tool  obtains  relief  from  an  existing  kerf.  As  this  critical  limit 
of  interaction  is  passed  and  kerf  spacing  decreases,  specific  energy  decreases  to  a minimum  and  there- 
after rises  again  to  high  values  as  the  tool  moves  out  into  the  existing  kerf.  The  highest  values  of  E^ 
occur  just  as  the  tool  moves  into  the  center  of  the  existing  kerf,  where  it  is  running  exactly 
in  the  track  of  a preceding  tool. 

Previous  discussions  of  kinematics  and  of  tool  forces  have  brought  out  the  point  that  tools  can  be 
expected  to  begin  interacting  when  the  overbreaks  of  adjacent  kerfs  just  begin  to  touch,  i.e.  when  x 
in  Figure  59  drops  to  zero.  This  means  that  the  critical  lateral  spacing  between  tools  would  be  given 
by  (s-w)/t  = 2tan0,  where  s is  center-to-center  spacing  of  adjacent  kerfs,  w is  tool  width,  and  0 is 
the  overbreak  angle  of  the  rock.  With  overbreak  angles  in  the  range  50°  to  70°,  the  critical  spacing 
between  tools  would  be  in  the  range  2.5  < {s-w)/V  < 5.5  according  to  theoretical  prediction. 
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0 Dry  cnolk  b Wet  Chalk 


/ iijlire  / 07.  Variations  ot'spedtk  energy  with  dimensionless  herf  spacing  in  wet  and 
dry  chalk.  (Roxborough  and  Rispin  1973a,  b.) 
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figure  I OR.  Specific  energy  as  a function  of  dimensionless  kerf  spacing  for 
anhydrite,  limestone  and  sandstone.  (Roxborough  1973.) 


Direct  experimental  evidence  on  critical  spacing  is  in  reasonably  good  agreement  with  such  a pre- 
diction. Roxborough  and  Rispin  (1973a,  b)  found  that  critical  values  of  (s-w  j/t  were  approximately 
3 in  wet  chalk  (predicted  value  2.9)  and  between  4 and  5 in  dry  chalk  (predicted  value  5).  Experi- 
mental results  are  shown  in  I'igure  107.  Roxborough  (1973)  showed  a critical  spacing  of  about  4 
for  anhvdrite  (l  ig.  108),  which  was  higher  than  the  predicted  value  of  2.6.  His  experimental  data 
for  limestone  showed  critical  spacing  of  about  6 (predicted  value  .5.5),  and  for  sandstone  about  5 
(predicted  value  3.8).  I or  coal,  Evans  and  Pomeroy  (1973)  found  interaction  starting  at  a spacing 
ol  (s-w)i’V  ^ 3, 


MUCH  AN  ICS  OF  CUTTING  AND  BORING 


0 20  40  60 


s-w  (mm) 

Figure  109.  Specific  energy  as  a function  of 
kerf  spacing  in  wet  and  dry  sandstone.  (Rox- 
borough  and  Fhillips  1975.) 
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a.  Dimensional  plot. 
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b.  Dimensionless  spacing. 

Figure  HO.  Specific  energy  as  a function  of  kerf  spacing,  with 
chipping  depth  as  parameter.  (Roxborough  and  Phillips 
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Tiqure  1 1 1.  Specific  energy  as  a function  of  kerf  spacing  for  two  types 
of  tools  cutting  sandstone.  (After  Barker  / 964.) 

In  a previous  discussion  on  the  geometric  aspects  of  tool  spacing  {Mellor  1 976a)  it  was  suggested 
that  optimum  spacing  in  brittle  materials  might  be  found  near  the  positions  which  give  complete 
overlap  of  the  side  breaks,  i.e.  when  (s-w)IV  = tan0.  In  the  Roxborough  and  Rispin  study  mentioned 
above  (Fig.  107),  the  optimum  spacings  found  experimentally  were  1 to  1 .5  for  wet  chalk  (tan0  = 
1.43),  and  2 to  2.5  for  dry  chalk  (tan0  = 2.48).  In  the  Roxborough  work  (Fig.  108),  specific  energy 
was  a minimum  at  spacings  of  approximately  1 .5  in  anhydrite  (tan0  = 1 .28),  3 in  limestone  (tan0  = 
2.75),  and  3 for  sandstone  (tan0  = 1 .88).  Roxborough  and  Phillips  (1 975)  tested  a sandstone  in  both 
wet  and  dry  conditions  (Fig.  109,  1 10)  and  found  that  optimum  spacing  lay  between  2 and  2.5 
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Figure  112.  iJ'fecl  ul  multiple  puss  groove  deepening  on  spe- 
citic  energy  tor  three  levels  ul  lonlining  stress.  (Roxhornugh 
and  Phillips  /975.; 
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f igure  1 1 3.  Variation  ul  speed ic  energy  h ith  h ear  Hat 
length.  (Roxhorough  and  Phillips  1975.) 
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(t.in0  1 .7-?  lot  tfu-  dry  ni.ilcr  l.if).  H.w  kr'i 's  ( I46  ))  ti'>i  irsults  lui  l.irnc  picks  itK/icatc  itijl  optimum 
values  1)1  (,s-u')/V Well' in  ltieiani;e  I lo  1 .7  lot  a cliisel  edije  pick  and  in  llie  ranj;e  l.Sio2fora 
"pninled"  pick  (I  in.  I 1 1 ). 

Il  is  iniportanl  lo  note  tlial  lliese  spacin^s  are  dimensionless  numhets  olrtained  by  dividing  the 
actual  distance  between  tool  edges  (s-w)  by  the  chipping  depth  k.  When  tools  are  lixed  to  a multiple- 
tool  rnacliine,  their  spacing  will  he  optimum  lot  only  one  value  ol  V in  any  given  material. 

Lflect  of  multiple  pass  cutting  on  specific  energy 

When  a single  isolated  kerf  is  progressively  deefiened  by  multiple  passes  ol  a cutting  tool,  the 
cutting  torce  /,  at  lirst  increases  with  each  pass,  even  though  the  chipping  depth  is  constant  lor  each 
pass.  At  the  same  time,  the  area  ol  the  kerl  cross  section  swept  out  by  the  tool  at  lirst  decreases  with 
each  pass,  since  the  over  break  is  gradually  suptrressed.  I hese  two  ellects  combine  to  produce  a large 
increase  in  specilic  energy  lor  each  successive  pass  in  the  early  st.iges.  Specilic  energy  eventually 
stahili/es  at  a steady  value,  perhaps  alter  the  kerl  depth  has  become  greater  than  the  kerl  width. 

I igure  I I 2 shows  some  results  ol  kerl  deepening  experiments  by  Roxborough  and  Phillips  (l‘)75). 

I he  cumulative  specilic  energy  needed  to  teach  a cer  tain  depth  by  multi-pass  cutting  is  compared 
with  the  specilic  energy  needed  to  reach  that  depth  with  a single  cut.  It  can  be  seen  that  the  multiple 
pass  procedure  is  extremely  inefficient.  Ihis  could  be  ol  great  practical  importance  in  the  design  of 
a machine. 

tffect  of  tool  wear  on  specific  energy 

Development  of  a typical  wear  flat  that  is  almost  parallel  to  the  tangential  direction  results  in 
increase  of  the  mean  tangential  cutting  force  7,,  but  there  is  no  signilicant  effect  on  the  cross  section 
ol  the  kerf  lor  a chisel-edge  tool.  1 he  increase  of  7,  with  wear  Hat  width  ,v  is  of  the  form  /,  - A'\", 
where  rr  is  a Iractional  power.  Thus  specific  energy  is  also  expected  to  increase  in  proportion  to 
v'‘  as  wear  develops.  Ihe  direct  experimental  results  of  Roxborough  and  Phillips  (1975)  support 
this  idea  (I  ig.  I 13). 

With  a V-base  tool  or  a rounded-base  tool,  the  area  of  the  wear  Hat  increases  with  the  square  of  a 
linear  dimension  for  the  wear  flat.  It  is  therefore  possible  that  7,  might  increase  more  rapidly  with  a, 
possibly  in  a way  that  makes  7j  proportional  to  x^".  If  this  were  so,  then  7j  would  also  be  propor- 
tional to  .v^" . 


GENERAL  SUMMARY 

In  reviewing  the  available  information  on  rock-cutting  tools  it  is  not  always  easy  to  reconcile 
lindings  from  different  sources,  especially  where  some  variables  arc  left  uncontrolled  or  arc  ignored. 
However,  once  the  information  has  been  compiled  and  digested,  a reasonably  coherent  picture 
emerges.  Ihe  lollowing  summary  is  intended  to  bring  out  general  patterns  of  behavior,  without 
dwelling  too  much  on  complications  and  apparent  anomalies. 

Ilit'ory.  fheotetical  studies  bring  a disciplined  approach  to  the  problem,  and  provide  guidance 
lor  the  interpretation  of  experimental  data.  There  arc  still  major  shortcomings  in  rock  cutting 
theories,  so  that  experimental  studies  lemain  essential.  Comparisons  with  theories  for  metal  cutting 
and  wood  cutting  are  instructive. 

Oiippimi  depth.  Both /,  and  7,,  increase  with  t.  With  "wide"  cutters  (rv  ■ k),  force  is  approxi- 

mately proportional  lo  some  fractional  power  ol  k.  When  k is  of  comparable  magnitude  to  vv  the 
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culling  is  lhicc-climcnsion.il,  .iiul  undci  llicsc  circumstances  il  appears  lhal  /„  and  /,  may  tx'  approxi- 
matclv  proporlional  to  When  force  is  incicasing  nonlineatly  with  /,  inueases  more  lapidly  tfun 

and  llierelore  itie  ratio  /„,'/,  deue.ises  witfi  increase  of  V.  When  /„  and  /,  .ire  both  approximately 
proporlional  to  V,  the  ratio  /,,//,  is  insensitive  to  clianges  in  1.. 

While  is  incieasing  with  V,  the  area  ol  the  keil  cross  section  is  also  increasing,  and  the  net  result 
is  lhal  specific  eneig>  /. ^ decreases  nonline.iily  with  increase  ol  t and  it  lends  to  a lower  limit  with 
wide  cullers.  In  some  cases  / ^ appears  to  pass  through  a minimum  and  then  increase  again  as  f con- 
tinues to  increase,  perhaps  because  overbreak  becomes  less  ellective. 

Rukc  uhqIc.  jJ,  only  allects  porlormance  when  t is  signilicantly  greater  than  tool  lip  r.idius/-.  It 
dtx's  not  have  much  influence  wfien  tools  are  badly  worn.  Both  /,  and  decrease  nonlinearly  as 
(j,  increases,  i.e.  as  llie  included  angle  1^3  decreases.  /„  and  /,  come  close  to  reaching  a limiting  low 
value  when  fj,  reaches  -1-20°  to  +30'’.  I here  does  not  appear  to  be  a strong  or  consistent  variation 
ol  the  ratio  /'„//,  wtren  3)  v.aries. 

jJ,  has  virtually  no  effect  on  kerf  width,  and  therefore  the  specific  energy  decreases  with  in- 
crease of  (3,  in  exactly  the  same  way  as  /,  decreases  with  (ly 

Relief  angle.  ^2  bas  no  perceptible  effect  on  7^,,  and  7,  for  values  greater  than  5'  when  the  tool  is 
unworn.  When  drops  below  3°-.5°,  there  are  sliarp  increases  in  both  f^  and  7,.  These  comments 
apply  to  ‘‘dynamic"  values  of  1^2,  which  have  to  be  added  to  the  "kinematic"  values  that  are  required 
to  provide  Hank  clearance  in  accordance  with  the  penetration  trajectory. 

7’j  ought  to  vary  with  02  in  'he  same  way  as  7,  varies  with  02- 

Side  rake.  With  symmetrical  side  rakes,  both  and  7,  decrease  approximately  linearly  as  0^  in- 
creases, and  the  ratio  7„/7,  does  not  vary  significantly  with  0^.  With  one-way  side  rake  a transverse 
force  component  7^  is  developed,  but  0^  has  no  significant  effect  on  7^  and  7,  for  either  relieved  or 
unrelieved  cutting.  increases  nonlinearly  with  0^  in  both  relieved  and  unrelievedi|i(n.itions,  tend- 
ing towards  a limit  in  the  range  0^  ■ 20°. 

With  symmetrical  side  rakes,  mean  kerf  width  tv  decreases  approximately  linearly  with  increase 
ol  04.  With  one-way  side  rake,  l.\  does  not  vary  with  04  in  unrelieved  cutting,  but  there  is  a slight 
decrease  in  7. ^ .is  04  increases  when  the  tool  is  plowing  towards  an  existing  kerf. 

Base  angle.  /„  and  f,  decrease  nonlinearly  as  0g  increases,  tending  to  reach  a lower  limit  when 
|Jg -■  (tr/2-0). 

Ihe  cross-sectional  area  of  the  kerf  also  decreases  nonlinearly  as/jg  increases,  and  the  net  effect 
on  specific  energy  is  increase  of  with  increase  ol  /3g. 

fool  lip  radius.  Both  f^  and  7,  increase  nonlinearly  with  increase  of  r,  possibly  in  proportion  to 

. Curvature  of  the  graphical  relation  appears  greatest  in  the  range  0.5  < f'/V  < 1 .0,  and  linear  ap- 
proximations may  be  .icceptable  for  the  ranges  r < ( and  r t.  1 he  latter  condition  represents 
very  shallow  cutting,  where  operation  is  very  inefficient  and  tool  angles  aie  largely  irrelevant,  r can 
be  used  as  a normalizing  parameter  for  chipping  depth  k. 

Since  r affects  7j  but  not  the  area  of  the  kerf  cross  section,  /.^  ought  to  vary  with  r in  the  same 
way  as  /,  varies  with  r. 

fool  width.  Tor  a chisel-edge  tool,  7„  and  7,  increase  linearly  with  u.  In  a graphical  relation,  the 
force  intercept,  which  represents  edge  effects,  increases  with  increase  of  k,  and  the  proportionality 
constant  should  also  increase  with  t. 

Ihe  effective  kerf  width  w is  equal  to  ttiol  width  w plus  a depth-dependent  constant:  « ’ w + 
f Lin0.  I or  any  given  value  ol  V,  Cj  could  either  increase  or  decrease  with  u , but  it  is  likely  to  be 
rather  insensitive  to  changes  in  tv. 
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Cone  Ihiauutiuns.  f orce  levels  lluctuale  duriiiR  llie  culliiiR  ol  hiillle  maleiials  In  lesponse  to 
lepelitive  (oimalion  ot  discrete  chips.  The  amplitude  ol  loice  lluctuations  is  related  to  the  mean 
lorce  and  to  the  compliance  ol  the  tool  and  its  mounting,  lest  records,  which  in  some  cases  may 
he  inlluenced  b>  the  compliance  ol  the  dynamometer,  indicate  that  the  ratio  ol  mean  peak  lorce  to 
mean  lorce  might  he  typically  In  the  range  2 to  6 lor  but  hrr  /„  the  variation  appears  to  be  much 
less  in  some  cases.  II  the  amplitude  ol  lorce  lluctuations  is  dillerent  lor  /,  and  or  it  lluctuatirrns 
lor  the  two  components  are  not  in  phase,  then  the  directirm  ol  the  resultant  cutting  hjrce  is 
lluctuating. 

tool  speed.  /,  is  not  signilicantly  aflected  by  tool  speed  u in  the  range  I to  1000  It'min  (0.005 
to  5 m/s)  lot  t\  pical  rocks.  In  some  experiments  has  been  found  to  increase  with  u\  il  this  eltect 
is  real,  il  implies  that  the  direction  ol  the  resultant  cutting  force  moves  closer  to  the  normal  direction 
as  u increases.  In  ductile  material,  both  /,  and  might  be  i xpected  to  vary  w ith  u. 

A j is  not  likely  to  vary  with  u when  cutting  involves  brittle  fracture,  but  it  could  do  so  in  ductile 
mater iai,  or  when  ductile,  brittle  transitions  are  caused  by  change  of  u. 

Ruck  properties,  t .utting  lorces  increase,  approximately  linearly,  with  increase  ol  rock  strength. 

I aleral  conlining  stresses  are  expected  to  cause  an  increase  in  cutting  forces,  but  some  experiments 
indicate  that  confinement  does  not  have  much  inlluence  on  either  t\  or  A„.  Tool  forces  are  usually 
correlated  with  uniaxial  compressive  strength,  although  correlation  with  tensile  strength  might  be 
more  appropt  iate.  lOr  materials  that  are  anomalous  with  respect  to  the  ratio  of  compressive  strength 
to  tensile  strength  (R),  it  might  he  uselul  to  account  for  this  dilference  by  a suitable  factor. 

Mean  kerf  width  is  to  some  extent  dependent  on  rock  properties,  in  that  the  overb.  eak  angle  <5 
var  ies  with  mater  ial  type.  I oi  typical  brittle  rocks,  a linear  correlation  between  specific  energy  and 
compressive  strength  can  be  expected,  but  decrease  of  R or  p (perhaps  indicative  ol  increasing 
ductility)  would  increase  / ^ lor  any  given  value  of  t;^. 

Kerf  spacing,  fools  th.it  cut  p.irallel  kerfs  operate  independently  of  each  other  when  the  space 
between  them  is  suflicient  to  separate  the  overhreaks,  i.e.  wiien  (s-w)ll.  .-  2lan0.  As  kerl  spacing 
decreases  Irom  this  critical  value,  /„  and  /,  decrease,  falling  to  zero  when  a tool  tracks  exactly  be- 
hind a preceding  tool. 

Specific  energy  I.  ^ decreases  as  kerl  spacing  decreases  from  the  critical  value,  passes  through  a 
minimum  at  the  optimum  spacing,  and  then  rises  to  relatively  high  values  as  the  tool  moves  out  into 

the  track  cut  by  a preceding  tool.  Optimum  spacing  is  given  approximately  by  (s-w  );\  ^ tanb.  I or 

tools  lixed  lo  .1  machine,  lateral  spacing  can  be  optimum  lor  only  one  value  ol  V in  a given  rock. 

Multiple  pass  cutting.  Progressive  deepening  ol  a kerf  by  repeated  passes  of  a tool  along  the 

same  track  results  in  increase  of  and  /,  with  each  successive  pass,  until  a limit  is  reached  alter  the 
depth  ol  the  kerl  exceeds  its  width. 

Ihe  increment.il  area  of  the  kerl  cross  section  at  lirst  decreases  with  each  successive  pass,  due  to 
progressive  suppression  of  overbreak.  This  effect  combines  with  the  cTfect  ot  increasing  tool  lorce 
to  produce  large  increases  ol  specific  energy  A^,  a limit  being  reached  alter  the  depth  ol  the  kerl 
exceeds  the  width.  The  cumulative  specific  energy  lor  cutting  to  a certain  depth  by  multiple  passes 
is  much  higher  than  A^  lor  a single  cut  to  the  same  depth. 

loul  wear.  Development  of  a wear  Hat  beneath  the  tip  ol  a tool  leads  to  increase  ol  A„  and  /,  with 
increase  ol  the  wear  Hat  dimensions  (assuming  k is  maintained  constant),  increases  more  rapidly 
than  /,,  so  that  the  ratio  /„/A,  increases  with  increase  ol  wear  flat  dimensions,  t or  a chisel-edge 
tool,  on  which  the  area  ol  a wear  Hat  is  proportional  to  the  length  of  the  wear  flat  x,  force  compo- 
nents increase  approximately  in  proportion  to  a fractional  power  ol  x.  Also,  ,v  is  approximately 


so 


un  !iA\u:s  (>i  (I  iii\(,  \\i) 


(iropoi  tional  lo  a Irattional  ol  tlk-  tnlal  lUltint;  ilislaikt'  / liavi'lcd  l>\  llit'  Inol.  \ wi’ar  Hal 

tlial  i')  iioinial  to  tin.'  i.iIm'  lace  ol  a tool  causes  siinllai  iiicrc.iscs  ol  loicc  with  wc.ii  ll.it  cliinciisioiis. 

Volume  loss,  Ol  weight  loss,  li  om  a cliisel-etli;e  tool  is  a|)|iio.\iiiutelv  pi  opoi  tioiul  to  ti.nel  ills- 
taiice  I.  alter  a hriel  initial  pei  ioJ  ol  very  lapid  loss.  Wear  rate  decie.ises  with  increase  ol  cliippini; 
depth  V and  w ith  increase  ol  tool  hardness. 

Specilic  energy  can  he  e.vpected  to  inciease  in  propoition  with  the  increase  ol  /,  as  wear 
develops. 
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APPENDIX  A.  ADDITIONAL  DATA  FOR  ICE 

Some  additional  results  from  ice  cutting  experiments  were  located  alter  this  report  was  pre- 
pared (or  publication.  Machining  tests  were  made  with  a laihe  and  a milling  machine  al  Ihc 
National  Research  (xiuncil  ol  Canada,  and  results  were  given  in  an  internal  report  ol  the  Division 
ol  Mechanical  Engineering  [Cutting  of  ice  und  iti  specific  resistance  by  I .M.  Ma/ur,  L I R-L  F-.53, 
October  1974),  The  ice  was  cut  by  a "wide”  tool,  and  results  were  given  as  specific  cutting  re- 
sistance plotted  against  cutting  cross  section  on  logarithmic  scales. 

Specif  ic  cutting  resistance  is  equivalent  to  specific  energy  for  this  type  of  operation,  as  noted 
on  page  61 . Cutting  cross  section  for  a wide  tool  of  constant  width  is  proportional  to  chipping 
depth  t.  Mean  tangential  tool  force  T,  is  equal  to  multiplied  by  tool  width  and  chipping  depth, 
as  indicated  by  eq  36,  and  /,'  is  equal  to  The  results  have  been  transformed  accordingly,  and 
they  arc  summarized  in  f igures  A I and  A2, 

Tj  was  apparently  insensitive  to  temperature  and  cutting  speed  for  temperatures  of  -5  to  -10°C 
and  speeds  of  about  300  to  700  ft/min.  It  decreased  by  a factor  of  50  as  chipping  depth  increased 
from  0.008  to  0.8  mm. 

T,'  did  not  show  much  systematic  variation  with  H for  chipping  depths  less  than  0.04  mm.  Even 
at  the  upper  end  of  the  range,  T,'  only  increased  with  about  the  1 /3  power  of  C. 
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Figure  A 1.  as  a function  of  as  deduced  from 
machining  tests  on  ice,  (Original  data  from  Ma^ur, 
1974.) 
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APPENDIX  B.  CONVERSION  FACTORS:  U.S.  CUSTOMARY  AND 
METRIC  (SI)  UNITS  OF  MEASUREMENT 


Multiply 

By 

Fo  obtain 

inch 

25.40 

miliimeter 

millimeter 

3.937x10-2 

inch 

meter 

3.281 

foot 

millimeter^ 

1.550x10-^ 

inch2 

millimeter^ 

6.102x10-5 

inch3 

in./s 

2.540x10-2 

m/s 

m/s 

1.968x102 

ft/min 

pound-force 

4.448 

newton 

newton 

0.2248 

pound-force 

Ibf/in. 

0.1751 

N/mm 

kgf/cm 

0.9807 

N/mm 

Ibf/in.^ 

6.895 

kN/m2 

MN/m^ 

1 .450  X 1 0-2 

Ibf/in. 2 

Ibf/in.^  = in. -Ibf/in.^  (specific  energy) 

6.895x10-2 

M)/m3 

Mj/m^ 

1.450x102 

Ibf/in.^ 

kgf-m/cm^ 

9.807 

M)/m3 

gram 

2.205x10-3 

pound 

ft-lbf/lb 

2.99x10-3 

J/g 

